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L  Objectives  of  the  Research/Approach 

The  ultimate  goal  of  this  interdisciplinary  proposal  is  the  development  of 
phase  transfer  polymers  capable  of  efficient  removal  of  water-borne  pollutants 
from  inadvertent  spills  or  waste  discharge  in  naval  environments.  Targets  include 
petroleum  based  fuels  and  lubricants  and  gray  water  contaminants  such  as 
surfactants  and  oils.  The  polymers  will  be  specifically  tailored  by  synthetic  or 
biosynthetic  techniques  to  possess  pH-responsive,  hydrophobic  domains  which 
would  allow  capture,  sequestration,  and  subsequent  separation  of  foulants  from 
water.  The  pol3rmers  can  be  recovered  in  the  separation  stage  by  simple  pH 
change  and  can  be  recycled;  the  biopolymers  proposed  have  the  additional 
attribute  of  being  biodegradable.  By  contrast,  traditional  small  molecule 
surfactants  are  ineffective  at  high  dilution  for  phase  transfer,  are  virtually 
unrecoverable,  and  resist  biodegradation. 

Major  project  objectives  include: 

1)  Preparation  of  amphipathic  polymers  and  biopol5rmers  with  precisely 
tailored  domain  structures  for  phase  transfer 

2)  Utilization  of  synthetic  and  biosynthetic  techniques  for  placement  of 
functionality  for  pH-responsiveness 

3)  Determination  of  structure,  phase  behavior,  and  mechanism  of  reversible 
association  in  aqueous  media  utilizing  photophysical  and  spectroscopic 
techniques 

4)  Study  of  the  extent  and  nature  of  transfer,  sequestration,  and  phase 
stability  with  model  hydrocarbon  foulants 

5)  Study  of  the  pH  responsiveness  for  “triggered”  release  of  foulants  from 
associated  domains 

6)  Study  of  the  efficiency  of  polymer  and  model  pollutant  separation  and 
recovery 

7)  Contribution  to  the  interdisciplinary  research  and  education  of  young 
scientists  in  biological,  physical,  chemical,  and  environmental  sciences 

Our  approach,  conceptualized  in  Figure  1,  is  to  place  multiple  hydrophobic 
sequences  (open  circles)  and  ionizable  moieties  (squares)  along  a  hydrophilic 
backbone  utilizing  synthetic  and  biosynthetic  techniques.  Appropriate 
microstructural  design  should  allow  capture  of  lipophilic  molecules  within  the 
hydrophobic  microdomains.  After  sequestration  or  domain  loading,  coagulation  of 
the  lipophile  -  rich  pol3rmer  phase  will  allow  separation  from  the  aqueous  phase. 
The  ionizable  groups  built  into  the  polymer  chain  could  then  be  "triggered"  by  pH 
or  electrolyte  to  allow  lipophile  (foulant)  recovery  and  polymer  redisolution  for 
further  remediation  cycles. 


pH  Chance 


Filled  Flocculated 


Figure  1.  Conceptual  Behavior  of  an  Amphipathic  Phase  Transfer  Polymer  in 

one  Remediation/Recovery  Cyde. 


II.  Major  Accomplishments  during  year  1 

Our  major  accomplishments  have  been  reviewed  in  the  following  sections 
which  include  overviews  of  83mthetic,  biosynthetic,  and  characterization  efforts. 
References  are  given  to  major  papers,  preprints,  and  abstracts  contributed  by  our 
group  within  the  last  year.  The  reader  is  referred  to  those  attached  as  an 
appendix  to  this  document. 


A.  Synthetic  Phase  Transfer  Polymers 

Most  of  the  recent  work  in  our  laboratories  has  focused  on  understanding  and 
predicting  the  solution  behavior  of  amphipathic  polymer  systems  under  various 
conditions  involving  pH,  ionic  strength,  etc.  The  synthetic  portion  of  this  research 
has  involved  the  investigation  of  several  types  of  polymeric  surfactants:  polycations, 
polyanions,  and  polyzwitterions.  Table  1  provides  a  list  of  the  sur&ctant  monomers 
and  their  corresponding  acronyms  that  will  be  discussed  in  this  report. 


Table  1.  Monomers  employed  and  their  corresponding  acronyms. 


A.l  Polycations 

We*  have  synthesized  cationic  hydrophobically  modified  copolymers  of  acrylamide  (AM) 
with  dimethyldodecyl  (2-acrylamidoethyl)  ammonium  bromide  (DAMAB).  Variation  in  the 
polymerization  technique  appears  to  have  an  effect  on  polymer  microstructure.  Three  different 
methods  of  polymer  synthesis  were  carried  out  DAMAB  is  water-soluble  and  surface-active, 
with  a  critical  micelle  concentration  (CMC)  of  4.9  10  *  M  in  deionized  water.  The  water- 
solubility  of  this  monomer  allows  for  solution  copolymerization  in  water,  and  copolymerization 
of  the  two  monomers  in  water  above  the  CMC  induces  a  block-like  microstructure.  As  a  radical 
chain  end  diffuses  through  solution,  it  encounters  a  DAMAB  micelle,  and  most  or  all  of  the 
monomers  in  the  micelle  are  polymerized.  This  leads  to  the  formation  of  long  runs  of  surface- 
active  monomer  along  the  polymer  chain.  Incorporation  of  a  nonpolymerizable  surfactant, 
cetyltrimethylammonium  bromide  (CTAB)  into  the  monomer  feed  dilutes  the  DAMAB  micellar 
concentration  and  decreases  the  block  length.  Use  of  a  homogeneous  polymerization  medium 
such  as  rerf-butanol  gives  a  random  copolymer  structure. 

As  DAMAB  content  is  increased,  an  increase  in  the  upwards  curvature  in  the  viscosity 
profile  is  observed.  DAMAB  induces  strong  intermolecular  associations  via  hydrophobic 
interactions.  When  copolymers  of  comparable  DAMAB  content  and  molecular  weight,  but  with 
different  microstructures  are  compared,  block  size  appears  to  have  an  effect  on  the  rheology  of 
these  systems.  Overall  viscosities  and  C*  are  both  lower  for  AM/DAMAB  copolymer 
synthesized  in  the  presence  of  CTAB  compared  to  AM/DAMAB  copolymerized  without  added 
surfactant.  The  latter  copolymer  possesses  a  larger  block  length,  and  intermolecular  associations 
become  more  favorable. 

The  ability  of  amphiphilic  polymers  such  as  AM/DAMAB  to  sequester  hydrophobic 
materials  in  micelles  formed  by  these  systems  is  reflected  in  the  emission  characteristics  of 
pyrene  probe  added  to  aqueous  solutions  of  these  copolymers.  As  the  polarity  of  the  environment 
decreases,  so  does  the  ratio  of  the  intensity  of  the  first  vibronic  band  to  that  of  the  third  vibronic 
band  (I, /I,).  I,/Ij  decreases  with  increasing  "blocky"  polymer  concentration.  This  suggests  the 
presence  of  an  intermolecular  association  mechanism  that  drives  the  formation  of  microdomains. 
"Random"  AM/DAMAB  polymer  solutions  exhibit  concentration-independent  I^/I^  values.  This 
phenomenon  is  consistent  with  intramolecular  hydrophobic  association  to  form  micellar  domains. 
The  low  Ij/Ij  values  occur  at  concentrations  well  below  C*.  This  implies  that  associations  occur 
at  a  microscopic  level  not  effectively  monitored  by  macroscopic  characterization  techniques  such 
as  viscosity  studies. 

The  AM/DAMAB  copolymer  series  also  interacts  with  surfactants  in  an  interesting 
manner.^  The  surface  tension  of  sodium  dodecyl  sulfate  (SDS)  in  the  presence  of  AM/DAMAB 
copolymer  is  higher  than  in  the  absence  of  polymer.  This  is  indicative  of  surfactant-polymer 
binding  to  deplete  surfactant  from  the  air-water  interface.  Pyrene  probe  studies  of 
SDS/copolymer  solutions  suggest  the  binding  of  SDS  to  form  mixed  micellar  SDS/DAMAB 
aggregates  which  occur  below  the  CMC  of  SDS.  At  constant  polymer  concentration  with 
increasing  SDS  concentration,  I, /I,  gradually  decreases,  indicating  non  cooperative  polymer- 
surfactant  binding. 

Water-soluble  cyclopolymers  of  N,N-diallyl-NJ^-dimethylammonium  chloride  with  NJ4- 
diallyl-N-alkoxybenzyl-N-methyl  ammonium  chloride  (DADMAC/DAHMAC)’  exhibit  strong 
intramolecular  associations  which  are  broken  up  by  the  addition  of  SDS.  As  SDS  concentration 
is  increased  in  a  solution  of  DADMAC/DAHMAC  copolymer,  a  maximum  in  reduced  viscosity 
is  observed.  This  is  believed  to  arise  from  interpolymer  bridging  by  association  of  hydrophobic 


groups  from  more  than  one  polymer  chain  with  SDS  micelles.  Pyrene  probe  studies  indicate 
concentration-independent  microdomain  formation.  I,/!,  decreases  with  increasing  DAHMAC 
content,  and  I^/I,  is  insensitive  to  copolymer  concentration,  which  is  consistent  with 
intramolecular  association. 

A.2  Ptdyanions 

Anionic  hydrophobically  modified  copolymers  can  also  associate  in  aqueous  media  to 
form  hydrophobic  domains.  Alternating  copolymers  of  maleic  anhydride  and  ethyl  vinyl  ether 
that  have  been  modified  with  alkyl  and  naphthylmethoxyheptyl  groups  and  hydrolyzed  in  water 
form  associations  in  water.^  As  octyl  or  dodecyl  group  substitution  on  the  parent  copolymer 
increases,  the  intrinsic  viscosity  in  water  decreases.  Intramolecular  hydrophobic  associations 
collapse  the  polymer  coil.  The  naphthyl  label  that  was  used  to  fluorescently  label  the  copolymer 
is  known  to  exhibit  a  polarity-dependent  fluorescence  lifetime  ().  The  fluorescence  lifetime  of 
a  naphthylmethoxyheptyl  model  compound  varies  from  68  nsec  to  22  nsec  in  THF  and  50/50 
methanol/water,  respectively.  As  polarity  decreases,  lifetime  increases.  In  aqueous  solutions 
of  Cg  and  Cj^-modiSed  copolymer,  increases  with  increasing  hydrophobe  content  The 
environment  experienced  by  naphthalene  becomes  more  shielded  from  the  aqueous  medium  due 
to  intramolecular  associations. 

The  ratio  of  naphthyl  excimer  to  monomer  emission  is  shown  to  vary  with 

hydrophobe  content  A  maximum  in  occurs  at  about  30  mole  %  hydrophobe  incorporation. 
As  the  chain  collapses  with  increasing  hydrophobe  content  the  separation  distance  between 
naphthyl  groups  on  the  same  polymer  chain  decreases  and  the  probability  of  dimeric  excited  state 
formation  (excimer)  increases.  As  hydrophobe  content  increases  further,  naphthalenes  are 
"diluted"  out  and  domain  rigidity  increases.  Excimer  emission  then  becomes  less  favorable, 
and  yij^  decreases. 

The  geometry  of  the  amphiphilic  group  is  very  crucial  with  respect  to  solution  properties. 
The  amphiphiles  incorporated  into  the  polymers  discussed  so  far  all  possess  "head-attached" 
geometries.^-^  The  ionic  (or  zwitterionic)  group  is  located  close  to  the  polymer  backbone,  and 
the  hydrophobe  is  pendent  from  the  monomer  unit  Polymerized  surfactants  with  this  geometry 
possess  good  phase  transfer  properties,  as  indicated  by  their  ability  to  solubilize  pyrene.  The 
tail-attached  geometry,  whereby  the  hydrophobic  tail  is  linked  to  the  polymer  backbone  and  the 
polar  group  is  pendent  from  the  monomer  unit  imparts  good  water-solubility  to  polymers  at  the 
expense  of  domain  structuring.  When  the  hydrophobic  tail  is  linked  directly  to  the  polymer 
backbone,  its  motion  is  restricted,  and  hydrophobic  association  between  monomer  units, 
whether  inter-  or  intrapolymer,  becomes  unfavorable.  The  inhibition  of  hydrophobic  association 
results  in  an  enhancement  in  water-solubility. 

Our  research  group  is  investigating  tail-attached  polymeric  micelles  based  on  acrylamide 
(AM)  and  sodium  11-acrylamidoundecanoate  (SA),  a  novel  surface-active  monomer.^  Low 
incorporations  of  SA  are  utilized,  and  small  amounts  alter  the  solution  properties  considerably. 
In  deionized  water,  apparent  viscosity  increases  with  increasing  SA  incorporation.  This  would 
suggest  an  enhancement  in  polymer  dimensions  as  hydrophobe  is  added.  The  shape  of  the 
viscosity  curves  does  not  suggest  intermolecular  interactions,  as  in  typical  associative  polymer 
systems.  A  steady  increase  in  viscosity  with  increasing  polymer  concentration  occurs,  and  no 
upwards  curvature  is  observed.  It  appears  that  SA  incorporation  imparts  an  open  conformation 
to  acrylamide  copolymers. 


As  ionic  strength  increases,  viscosity  decreases.  In  0.3  M  sodium  chloride,  viscosities 
are  considerably  reduced,  and  increasing  SA  incorporation  reduces  the  apparent  viscosity.  When 
electrostatic  repulsions  are  shielded  by  salt,  SA  aggregates  along  the  polymer  chain  collapse. 

Pyrene  probe  studies  were  carried  out  to  investigate  the  micellar  structure  of  SA 
aggregates.  decreases  with  increasing  polymer  concentration  in  deionized  water,  and  a 
maximum  is  observed.  The  drop  in  values  verifies  the  presence  of  hydrophobic 
microdomains.  As  polymer  concentration  increases,  the  number  of  SA  aggregates  in  solution 
also  increases,  and  more  sites  for  sequestration  of  pyrene  become  available.  The  decrease  in  I /I, 
at  higher  polymer  concentration  suggests  either  a  change  in  the  number  of  available  sites  for 
pyrene  solubilization  or  a  change  in  the  structure  of  the  domains  present  such  that  pyrene  is 
excluded. 

Currently  underway  is  an  investigation  of  the  photophysical  properties  of  fluorescently 
labeled  AM/SA  copolymers.  Incorporation  of  a  pyrene  label  provides  a  model  hydrophobe  with 
which  associations  may  be  probed.  measurements  indicate  interpolymer  association  in  both 
deionized  water  and  sodium  chloride  solution  at  high  polymer  concentration.  studies  also 
effectively  probe  coil  collapse  with  salt  or  acid  addition.  Fluorescence  quenching  studies  reveal 
that  salt  addition  creates  a  constricted,  less  fluid  microdomain. 

Another  anionic  hydrophobically  modified  system  which  has  been  investigated  is  a  labeled 
terpolymer  composed  of  acrylamide  (AM),  acrylic  acid  (AA),  and  N-[(1-Pyrenyl- 
sulfonamido)ethyl]acrylamide  (APS).*  Four  polyelectrolytes,  denoted  P2-P5  were  prepared  from 
the  previously  mentioned  monomers  by  an  aqueous  micellar  polymerization  technique  utilizing 
sodium  dodecyl  sulfate  (SDS)  to  solubilize  the  water  insoluble  APS  monomer.  The  surfactant 
to  APS  molar  ratio  (SMR)  was  varied  to  give  a  narrow  range  of  APS  monomers  per  micelle  (n) 
yielding  terpolymers  with  identical  monomer  compositions  but  varied  microstructural  placement 
of  the  fluorescent  APS  units.  Terpolymer  compositions  are  nearly  identical  (AM:AA;APS 
approximately  60:40:0.2)  and  conversions  were  kept  low  (<30%)  to  minimize  terpolymer 
heterogeneity.  After  neutralization  of  the  carboxylic  acid  groups,  further  characterization  of  these 
labeled  polyelectrolytes  was  accomplished  by  viscometry,  light  scattering  and  fluorescence 
spectroscopy. 

Weight  average  molecular  weights  (M^)  were  determined  by  light  scattering  and  appear 
to  be  quite  similar  (1.2- 1.3  x  10^  g/mole).  Also,  the  terpolymers  exhibit  typical  viscosity 
behavior  for  polyelectrolytes;  viscosities  are  high  in  deionized  water  (10-12  cP  at  0.02  g/dL)  and 
decrease  dramatically  in  0.5M  NaCl  (~  1  cP)  at  the  same  terpolymer  concentration. 

Steady-state  fluorescence  emission  spectra  for  P2-P5  in  water  and  in  0.5M  NaCl  at  pH 
7.0-7.5  are  qualitatively  identical  and  exhibit  normal  or  "monomer"  fluorescence  from 
approximately  360  to  450  nm  as  well  as  excimer  fluorescence  from  450  to  600  nm.  It  is  clear 
from  the  presence  of  excimer  even  at  high  degrees  of  polyelectrolyte  ionization  that  "blocky" 
microstructures  are  evident  in  terpolymers  P2-P5  even  though  very  small  loadings  (-0.2  mole  %) 
of  the  APS  chromophore  are  present.  The  amount  of  excimer  emission  increases  only  slightly 
in  going  from  water,  where  these  labeled  polyelectrolytes  are  in  an  extended  conformation  to 
0.5M  NaCl,  where  a  more  collapsed,  random  coil  conformation  is  observed.  The  increase  in 
excimer  to  monomer  intensities  (I^,^)  from  deionized  water  to  NaCl  solutions  indicates  that  long 
range  interactions  of  APS  chromophores  do  contribute  to  excimer  formation  in  0.5M  NaCl,  but 
the  amount  of  the  increase  indicates  that  excimer  formation  within  the  terpolymer  microstructure 
predominates.  Examination  of  the  relationship  between  Ig/I^^  SMR  and  n,  indicates  a  number 
of  important  factors  concerning  the  micellar  polymerization  technique.  Decreasing  the  SMR  in 


the  polymerization  feed  increases  the  initial  number  of  APS  monomers  per  micelle  which  in  turn 
affects  the  label  or  hydrophobe  proximity  in  the  resulting  terpolymers.  In  fact,  a  linear 
relationship  holds  between  and  n  and  implies  that  the  "initial  conditions"  in  the 
polymerization  feed  controls  the  microstructure  of  the  resulting  terpolymers.  Control  of  polymer 
microstructure  and  the  effects  of  hydrophobe  sequence  distribution  on  associative  properties  and 
domain-forming  ability  is  the  subject  of  an  upcoming  publication.  Future  studies  in  this  area  will 
focus  on  the  effects  of  increased  label  incorporation  in  the  domain-forming  ability  of  similar 
systems  as  well  as  the  interplay  of  polyelectrolyte  charge  density  on  aggregation  and 
sequestration. 

A.3  Polyzwitterions 

Previous  work  in  our  labratories  dealt  with  the  synthesis  of  polyampholytes  which 
contain  a  zwiterionic  mer  unit  that  possesses  a  quaternary  ammonium  moiety  as  the  cationic 
group  and  a  sulfonate  moiety  as  the  anionic  group.  In  an  effort  to  synthesize  polymers  which 
dispdy  both  polyelectrolyte  and  polyampholyte  behavior  depending  on  solution  pH  as  well  as 
electrolyte  content,  terpolymers  of  acrylic  acid  (AA),  acrylamide  (AM),  and  the  zwitterionic 
monomer  3-[(2-acrylamido-2-methylpropyl)dimethylammonio]- 1  -propanesulfonate  ( AMPD APS) 
have  been  prepared  by  free  radical  polymerization  in  a  0.5M  NaCl  aqueous  solution  using 
potassium  persulfate  as  the  initiator.®  The  feed  ratio  of  AMPDAPS:AA:AM  was  varied  from 
5:5:90  to  40:40:20  mol  %,  with  the  total  monomer  concentration  held  constant  at  0.45M. 
Terpolymer  compositions  were  obtained  by  NMR  and  indicated  a  preferential  incorporation 
of  Ae  acrylamido  type  monomers  in  the  terpolymer.  Low  angle  laser  light  scattering  provided 
molecular  weights  and  second  virial  coefficients  which  varied  from  (3.0  to  7.9)  x  10^  and  (2.23 
to  2.95)  X  10"^  mL  mol  g’^,  respectively.  The  solubilities  of  the  resulting  terpolymers  are 
dependent  on  pH  as  well  as  the  amount  of  AMPDAPS  and  AA  present  in  the  feed.  At  pH=4  and 
for  higher  incorporation  of  AA  and  AMPDAPS  in  the  feed  (>25  mol%),  the  terpolymers  are 
insoluble  in  deionized  water  and  0.25M  NaCl.  This  behavior  is  a  result  of  hydrogen  bonding 
between  the  acrylic  acid  and  acrylamide  mer  units  and  electrostaic  attractions  between  the 
AMPDAPS  mer  units.  At  pH=8,  all  terpolymers  are  soluble  in  deionized  water  and  salt  solutions 
as  a  result  of  neutralization  of  the  carboxylic  acid  groups  to  carboxylate  groups.  The  dilute  and 
semidilute  solution  behaviors  of  the  terpolymers  were  studied  as  a  function  of  composition  and 
added  electrolytes.  Polyelectrolyte  behavior  was  observed  for  all  terpolymers  at  pH  8  as 
evidenced  by  a  viscosity  decrease  in  the  presence  of  added  electrolytes.  The  terpolymers  exhibit 
higher  viscosities  in  the  presence  of  NaSCN  versus  NaCl.  Comparison  of  the  solution  behavior 
of  the  terpolymers  to  copolymers  of  AM  and  AA  as  well  as  copolymers  of  AMPDAPS  and  AM 
has  been  made.  In  most  instances,  the  solution  viscosity  behavior  of  the  terpolymers  was 
superior  to  that  of  the  copolymers. 

In  continuation  of  the  synthesis  of  pH  responsive  polyampholytes,  we  are  currently 
investigating  the  solution  behavior  of  copolymers  of  acrylamide  (AM)  and  4-(2-acrylamido-2- 
methylpropanedimethylammonio)  butyric  acid  (AMPDAB).’®  This  series  of  copolymers  contains 
a  zwitterionic  mer  unit  that  possesses  a  carboxylate  group  as  the  anionic  moiety.  TTie  carboxylate 
group  was  chosen  due  to  the  ability  of  this  moiety  to  be  protonated.  This  allows  these  systems 
to  behave  as  polycations  or  polyampholytes  depending  on  the  pH  of  the  aqueous  media.  The 
feed  ratio  of  AM: AMPD AB  was  varied  from  90:10  to  75:25  mol%.  Reactivity  ratios  were 
determined  and  indicated  random  comonomer  incorporation  into  the  polymer  implying  similar 
reactivity  for  the  two  monomers.  As  anticipated,  apparent  viscosities  at  pH=3  were  high. 


indicative  of  the  polycationic  nature  of  the  polymer.  At  low  pH  values,  the  carboxylate  group 
located  on  the  AMPDAB  mer  unit  becomes  protonated  and  the  polymer  acquires  an  overall 
positive  charge.  The  resulting  cationic  groups  repel  one  another  and  the  polymer  chain  adopts 
a  more  extended  conformation.  Intrinsic  viscosities  were  determined  for  low  incorporations  of 
the  AMPDAB  mer  unit  (<25  mol%)  and  for  the  homopolymer  of  AMPDAB  in  varying  ionic 
strengths  of  NaCI  at  pH=8.  At  pH=8,  the  AMPDAB  mer  units  are  in  the  zwitterionic  state.  The 
copolymers  containing  a  low  incorporation  of  AMPDAB  exhibited  complex  solution  behavior. 
At  low  ionic  strengths,  there  is  an  initial  decrease  in  the  intrinsic  viscosity  likely  due  to  the 
elimination  of  intermolecular  interactions.  After  a  critical  concentration  of  NaCl  is  added,  the 
polymers  display  typical  polyampholyte  behavior  as  evidenced  by  an  increase  in  intrinisic 
viscosity  as  intramolecular  interactions  are  reduced.  The  homopolymer  exibited  an  increase  in 
intrinsic  viscosity  as  a  function  of  increasing  NaCl  concentration,  indicating  the  shielding  of 
intramolecular  attractions.  Further  work  with  these  systems  is  to  investigate  how  changing  the 
number  of  methylene  units  between  the  ammonium  group  and  the  carboxylate  group  affects  the 
solution  behavior. 

Copolymers  of  acrylamide  (AM)  and  3-(N,N-dimethyl-N-3'-(N'-acryloyl)aza- 
tridecyl)  ammonion  propane  sulphonate  (DAATAPS)**  have  also  been  synthesized  in  our 
laboratories.  These  polymerizations  were  carried  out  in  aqueous  media.  Due  to  the  insolubility 
of  the  copolymer,  only  a  1%  hydrophobe  incorporation  could  be  attained.  The  polymerization 
was  carried  out  in  the  presence  of  varying  amounts  (0,  25,  50,  75  mole%)  of  nonpolymerizable 
surfactant  (SDS)  in  order  to  study  any  effect  the  polymerization  technique  may  have  on  the 
polymer  microstructure.  Through  viscosity  studies,  it  was  confirmed  that  solution  salinity  had 
no  effect  on  this  property.  A  linear  increase  in  viscosity  was  observed  from  1.19-1.84  cP  for 
polymer  concentrations  of  0.10-0.40  g/dL  under  conditions  of  OM  NaCl,  0.05 IM  NaCl,  and 
0.26M  NaCl.  Also  through  viscosity  studies,  it  was  observed  that  an  increase  in  SDS 
concentration  during  polymerization  produces  a  decrease  in  viscosity,  implying  from  the  work 
mentioned  above  that  microstructure  blockiness  increases  with  decreasing  nonpolymerizable 
surfactant  concentration.  Currently  underway  is  the  synthesis  of  the  carboxylate  analog  of 
DAATAPS. 


n.  B.  Biosynthetic  Phase  Transfer  Polymers 
B.l  Naturally  Occurring  Proteins 

Much  progress  has  been  made  in  the  past  year  towards  achieving  our  goals  of 
designing  and  producing  responsive  biopolymers.  In  both  the  areas  of  naturally  occurring 
proteins  and  designed  polypeptides,  we  have  been  able  to  synthesize  or  isolate,  partially 
purify,  and  to  some  extent,  characterize  biopolymeis  which  possess  attributes  required  for 
surface  activity  and  stable  phase  partitioning  of  hydrocarbons  in  aqueous  environments. 

In  the  area  of  naturally  occurring  polypeptides,  we  focused  our  attention  primarily  on 
two  types  of  proteins,  the  oleosins  from  the  soybean.  Glycine  max,  and  Apolipophotin-in 
(Apolp-in)  from  the  tobacco  homworm,  Manduca  sexta.  Both  of  these  proteins  are 
amphipathic  in  nature  and  in  vivo,  associate  with  hydrophobic  particles.  The  oleosins  are  oil 
body  membrane  proteins  found  in  seeds.  Several  of  these  proteins  function  to  stabilize  an  oil 
body  by  embedding  in  the  phospholipid  monolayer  of  the  particle.  The  association  of  these 
proteins  with  phospholipid/triacylglycerol  (TAG)  oil  bodies  prevents  the  coalescence  of  these 
particles  via  hydrophobic  interactions  of  the  proteins  with  the  nonpolar  side  chains  of  the 
lipids  and  the  TAG.*^  Because  these  molecules  can  interact  with  hydrophobic  particles  to 
stabilize  them,  they  offer  promise  as  possible  phase  transfer  agents  for  hydrocarbons  in 
aqueous  solutions. 

The  soybean  oleosins  have  been  extracted  from  germinating  seeds  according  to  published 
methods.*^  Denaturing  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  revealed  4  bands  of 
17, 18, 24,  and  34  kDa.*'*  Ammonium  sulfate  precipitation,  Triton  X-1 14  phase  separation, 
affinity  chromatography  with  a  phenyl  sepharose  column,  gel  filtration  chromatography  (S- 
200  column)  and  non  denaturing  polyacrylamide  gel  electrophoresis  did  not  separate  the 
proteins.  However,  the  presence  of  only  one  chromatographic  peak  on  S-200  and  a  sole  band 
on  a  native  polyacrylamide  gel,  both  of  high  molecular  weight,  suggested  that  the  individual 
oleosin  proteins  were  associating  to  form  a  supramolecular  assembly.  This  was  confirmed  by 
quasielastic  light  scattering  which  also  indicated  protein  particles  of  large  sizes. 

Preliminary  interfacial  tension  measurements  were  conducted  to  evaluate  the  efficiency  of 
the  soybean  oleosins  as  amphipathic  molecules.  ITiese  measurements  were  performed  at  a 
cyclohexane/water  interface  to  which  protein  was  added.  At  pH  2.6  and  1 1.5,  the  interfacial 
activity  of  the  protein  containing  samples  was  substantially  higher  than  that  of  the  samples  at 
the  natural  pH  of  the  oleosin  suspension,  pH  5.2.  This  behavior  is  believed  to  be  due  to  the 
decreased  solubility  of  the  proteins  at  pH  5.2  and  at  extreme  pH,  to  the  chain  expansion  by 
like  charge  repulsion  of  the  proteins  to  expose  their  hydrophobic  portions.  These  studies 
indicate  that  the  interfacial  activity  of  the  oleosins  is  pH  responsive,  with  the  greatest 
reduction  of  interfacial  tension  at  low  pH.*^’’*'*^ 

Like  the  oleosins  from  Glycine  max,  the  Apolipophorin-IU  from  Manduca  sexta  is  an 
amphipathic  protein.  In  vivo,  it  associates  with  lipophorin  particles,  composed  of 
phospholipids  and  diacylglycerols,  to  allow  them  to  be  stably  transported  through  the  aqueous 
hemolymph  of  the  insect.  Instead  of  isolating  this  protein  from  the  insect,  we  have  chosen  to 
recombinantly  produce  the  Apolp-IH  in  E.  coli  to  facilitate  production  of  large  amounts  of 
protein.  In  addition,  recombinant  production  of  Apolp-DI  should  also  enable  site  directed 
mutagenesis  on  the  gene  and  hence,  the  protein.  Mutations  in  the  protein  sequence  should 
allow  for  the  design  of  controlled  responsive  behavior  into  Apolp-IH. 


Apolp-ni,  including  its  signal  peptide,  has  been  cloned  and  recombinantly 
expressed  as  a  fusion  protein.^^  This  fused  protein  has  been  chromatographically  purified  and 
analyzed  by  SDS-PAGE  and  immunoblotting.^*  As  purification  of  Apolp-III  from  the  fusion 
proved  to  be  difficult,  another  means  of  expressing  the  protein  from  a  construct  in  a  Novagen 
pET  vector  was  explored.  The  protein  expressed  from  this  construct  appeared  in  the  soluble 
cell  fraction  and  was  determined  to  be  the  correct  protein  by  SDS-PAGE  and 
immunoblotting.^^*^^  Attempts  are  currently  being  made  to  clone  and  express  the  gene, 
without  its  signal  peptide,  in  a  pET  construct  The  polymerase  chain  reaction  is  being  used  to 
isolate  and  mutagenize  the  gene. 

B.2  de  novo  Polypeptides 

An  amphipathic  a-helical  polypeptide,  DN3L,  has  been  designed  and  recombinantly 
cloned  and  expressed.  The  design  of  this  polypeptide  was  based  on  secondary  structures  of 
naturally  occurring  proteins  which  associate  with  hydrophobic  materials.  The  design  also 
included  a  flexible,  acidic  hinge  to  permit  control  over  the  associative  properties  of  DNSL.^'* 

DN3L  has  been  purified  from  whole  cell  E.  coli  lysates  to  99.9%  purity.  The  first  eleven 
amino  acids  of  DN3L  have  been  confirmed  by  peptide  sequencing.  At  pH  7.6  this  peptide 
migrates  as  two  bands  on  an  SDS-PAGE  gel.  The  molecular  weights  of  these  bands  are 
3,750  and  14,400  Daltons.  These  molecular  weights  correspond  to  the  DN3L  monomer  and 
an  a  DN3L  aggregate  containing  four  molecules.  The  aggregate  appears  to  be  very  stable, 
resisting  denaturation  when  boiled  in  either  a  1.2%  SDS  solution  or  8.0  M  urea.^  Laser 
desorption  mass  spectroscopy  detects  a  major  species  and  three  minor  ones.  The  primary 
species,  of  molecular  weight  3,720  Daltons,  is  the  DN3L  monomer.  The  remaining  three 
species  have  been  identified  as  dimer,  trimer  and  tetramer  aggregates  of  DN3L.  FTIR  studies 
of  DN3L  in  DjO  indicate  the  presence  of  a-helical  structures. 

The  associative  properties  of  DN3L  appear  to  be  pH  dependent.  Acidified  samples  of 
DN3L  migrate  as  three  bands  on  an  SDS-PAGE  gel.  The  molecular  weight  of  these  bands 
correspond  to  a  monomer,  dimer  and  tetramer  of  DN3L.^^  A  qualitative  change  in  surface 
behavior  has  been  observed  in  acidified  samples  of  DN3L.  Initial  surface  tension  studies  at 
physiological  pH  show  a  decrease  in  surface  tension  from  70  mN/m  to  56  mN/m  with 
increasing  protein  concentration.  Surface  tension  studies  at  low  and  high  pH  are  currently 
underway. 

Preliminary  pyrene  fluorescence  probe  experiments  have  indicated  the  presence  of  pH 
stable,  nonpolar  microdomains  in  solutions  containing  DN3L.  Additional  fluorescence  studies 
using  l-anilino-8-naphthalene  sulfonate  (ANS),  as  well  as  studies  with  quantitative  circular 
dichroism,  are  in  progress. 


nL  Potential  Benefits 

Increasingly  strict  regulations,  growing  water  utilization,  and  responsible  environmental 
stewardship  ate  all  reasons  for  development  of  new  water  remediation  technologies.  In  this 
research  we  have  begun  an  interdisciplinary  program  involving  synthesis,  molecular 
characterization,  and  phase  studies  to  develop  amphipathic  synthetic  and  biosynthetic 
polymers  which  circumvent  some  of  the  problems  associated  with  conventional  approaches  to 
remediation.  It  is  anticipated  that  polymers  forthcoming  from  this  effort  could  ultimately  be 
utilized  in  remediation  of  water  in  confined  or  nonconfined  environments.  Targeted  for  initial 
treatment  were  waters  contaminated  with  petroleum  based  hydrocarbons,  lubricants,  fuels 
toxic  organic  chemicals,  and  amphiphilic  materials  in  gray  water  discharge. 

Discoveries  during  the  first  year  of  this  work  of  strong  polymer-surfactant  binding 
presents  the  intriguing  prospect  of  surfactant  removal  by  responsive  amphipathic  polymers. 
This  aspect  will  be  pursued  in  future  work.  Additionally,  we  have  initiated  an  effort  in 
concert  with  other  projects  within  the  ONR  remediation  program  aimed  at  incorporating 
promising  candidate  polymers  into  nano-composite  membranes.  Reversible  (self  cleaning) 
membranes  might  be  envisioned  utilizing  concepts  from  this  work. 
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ABSTRACT:  A  novel  watei>Mluble  monomer,  dimeth^odec^(2-acrylamidoethyl)«mmoni«m  bromide 
(DAMAB),  was  syntbesized.  Tliia  monomer  poaseasea  a  critical  mioeQe  oonoentiation  of  4.9  x  10-*  M.  A 
aerkaof  o<votyiners  of  DAMAB  with  acr^amide  (AM)  have  been  pr^mrad  by  radical  oopotymerization  by 
micellar  az^  ^ution  tecbniques.  The  rheological  properties  M  tte  o(4>olymers  were  strongly  affected  1^ 
their  mkroetructures.  A  random  copolymer  with  6  mol  %  of  DAMAB  obtained  by  solution  pdymerization 
in  tert>bu(ylaloaholabowedatenden<yforintzamdecularhydroph(d>ic  association,  whilemicrohetarogeneous 
copolymerization  of  AM  with  S  and  10  mol  %  of  DAMAB  in  water  yielded  microblocky  structures  which 
promoted  intermolecular  association  of  hydrophobes.  The  intermolecular  association  was  enhanced  by 
increasing  the  length  of  the  hydrophobic  block  and/or  the  number  of  blocks  in  the  polymer  chain.  Evidence 
of  hydrophobic  microdomaiiu  was  obtained  utilizing  pyrene  probe  fluorescence. 


Introdnction 

Hydrophobically  modified  polymers  have  been  the 
subject  of  considerable  research  begiiuiing  with  the 
dsu^calstudiesofStrauss.^  Theseamphipatldcpolymers 
exhibit  unusual  aqueous  solution  behavior,  arising  from 
hydrophobic  assocations  that  occur  in  order  to  minimize 
water-hydrophobe  contact*^  Such  assodations  deter¬ 
mine  the  macromolecular  conformation,  which,  in  turn, 
oontroIstherheologicalpropertiesofaqueousfluidB.  These 
polymers  have  potential  applications  in  such  diverse  fields 
as  enhanced  oil  recovery,  fluid  modification,  controlled 
drug  release,  personalcaieformulation,  and Ihktional drag 
reduction.^'* 

Certain  hydrophobically  modified  polymer  systems 
exhibit  intermolecular  association  in  aqueous  solution^ 
while  others  show  a  preference  for  intramolecular  asso- 
datioiL^A  The  numto  of  hydrophobic  groups  incorpo¬ 
rated  within  the  amphipathicpoh^ershasbeen  suggested 
to  play  an  important  role  in  determining  the  polymer 
conformation  adopted  in  aqueous  solutkm.  Sev^  poly¬ 
mer  systems  containing  dther  hydrocarbon*  or  flo<»o- 
cazbon^  pendent  diajns  show  viscosity  maxiina  with 
inerMsiag  bydropbobic  group  ccmtent,  implying  a  tran- 
dtkm  from  inteimdeoalar  to  intramolecular  association. 
Reosnt  studies  in  our  laboratory  have  indicated  that  tbe 
dfrtiflwrtionofthe  hydrophobic  groeps  along  the  polymer 
drain  also  signtficantly  ^ects  ^  o^onnation  of  such 
oopotymets.*^  Whenthebydrophobicgroupsinpyrane- 
labeled  aoylamido  ocqxdymer  systems  are  arrant  in  a 
bloddihe  fashion  with  intervening  hydn^hOic  se¬ 
quences,  the  hydrqpholnc  interactions  promote  intermo¬ 
lecular  assodatioiL  Polymers  with  a  ra^om  distribution 
of  thesame  units,  on  the  other  hand,  exhibit  intramolecular 
associative  behavior. 

Although  many  hydrophobically  modified  potymer 
systems  have  been  reported,  much  less  attention  has  been 
focused  on  the  controldthe  type  of  assodation  by  altering 
the  polymerization  process.  As  well,  structure-property 
relationships  for  amphipathic  copolymers  in  aqueous 
solution  are  not  well  established.  This  paper  describes 

*  Abatract  published  in  Advance  ACS  Abstracts,  October  1, 1993. 
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the  synthesis  and  solution  properties  of  copolymers  of 
acrylamide  and  dimethyldodecyl(2-acrylamidoethyl)am- 
monium  bromide.  The  blockiness  of  the  hydrophobic 
seqtmnces  can  be  controlled  utilizing  mixed  micelle 
polymerization.  Introduction  of  cationic  groups  into  the 
polytnerB  increases  watersolubOity  and  allows  arrangement 
of  hydrophobra  in  blocklike  structures  using  simple 
solution  polymerization  techniques.  The  length  of  hy¬ 
drophobic  blocks  can  be  controlled  under  sdected  con¬ 
ditions.  For  comparison,  a  copolymer  of  identical  com- 
podtkm  but  random  hydrophobe  distiibutioii  was  ptqwred 
bysolutionpotymerizatiaainterf-butylalodioL  Theeffect 
of  random  hydrophobe  incorporation  versus  block  hy¬ 
drophobe  incorporation  on  solution  behavior  was  inves¬ 
tigated.  Changes  in  the  run  number  of  blodcs  were  also 
examined.  These  data  are  interpreted  in  terms  ttfinter- 
versus  intramolecular  associations. 

Experimental  Section 

Materials.  Aayisnude  was  recrystallized  twice  from  acetone 
priortouse.  WaterwssdeioBizedtoacopductirityoflxKH* 
sabofan.  Other  mateciab  wen  used  as  leorived. 

Monomer  Syatheris.  Sdienw  I  fUnstratee  tiie  syntheeii  of 
the  hydrophobically  modified  acndamido  monoiaer  dhnediyi- 
dode^(2-acryiamidoethyl)ainmonhnnhromide.  Intoa2504iiL 
threo-aedMdioqnd-bottoinflaskwere  added methrienediloride 
(82  ml^,  Af,N’-dimeflijdeihylanedianiine  0J82  g,  6.100  zBoO,  and 
6Naodiumhydioside(25mL).  Themixtoiewasplaoedhian 
ice  batii  and  agitated  by  a  magnetic  atiim  under  a  nitrogen 
atmoaidMre.  When  thetenipMatiiredroppedbelow6*C,aci3^ 
riilotide  (9  J6  g,  0.104  moD  in  20  mL  of  methylene  ddotide  was 
added  atowiy  from  an  addition  fannel  such  that  tile  tengwratun 
was  maintained  bdow  10  *C.  The  mixture  was  stirred  for  an 
additional  80  min  after  congilete  addition  of  aariori  ddoride. 
The  organic  layer  was  then  oqiatated,  washed  twice  wtih  water 
and  once  with  concentrated  Nad  aohition,  and  dried  over 
anhydroussodiumsoffate.  Thesolventwasremovedonarotaty 
evaporatOT  to  yidd  a  slightly  yellow  ofl  (11.67  g,  80%  yidd).  The 
cnideiHoduct  was  punchy  vacuum  distillation  in  the  presence 
ofasmallamoantofphenothiazineasaninldbitor.  Aoolorless 
oil  was  collected  at  88-90  *C  under  vacuum  ot  0.5  mmHg.  IR 
(KBr)  3284  (N-H),  1655  (0-0)  cm-»;  ‘H  KMR  (CDO|)  S  223 
(8, 6  H),  2.46  (t,  2  H),  3.42  (m.  2  H),  5.55-6.60  (m,  2H),  6.25-6.27 
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(u,  4  H).  7^  (far.  1 H):  UC  NMR  (CDCW)  1 36.45, 44.43, 67.29, 
124.61, 130.69, 165.05. 

Ftwhiy  distilled  ^^((dimeth^ainiiio}ethj4]act]daiiikle  (5.0  g, 
0.035  mid)  wu  tiien  tiwted  with  dodecgd  bramide  (13  g,  0.062 
mop  under  Bitwgenet  worn  tempeMtmefor48lL  Ei^dodsqd 
tacQutide  WM  demoted  and  the  tnaqiannt  gd  predpitsted  into 
asdiitesoiidwooding.  Thefesultingmat^alwaswasliedwitii 
two  portkna  of  ether  and  dried  under  vacuum.  Furtherpuri- 
ficatiooofthefinalproductwaa  accomplished  byrecqwtalliaatiop 
from  a  1:1  mixture  of  acetone  and  etiier.  Yidd  133l6  g  (96%); 
mp  70.5-72  *&,  MMR  ((HX^i)  <  0.88  (t,  3  H),  1.25-1.34  (hr 
m,  20  H),  L76  (m,  2  H),  3.42  (s,  6  H),  3.82  (m,  4  H),  5.63-6.74 
(m.  1 H),  6.28-6.48  (m.  2  H).  a79  (hr,  1 H);  NMR  (CDCW) 
4  laia  2L71, 21.97, 25.36, 28.36, 28.55, 28.65, 30.94, 33.ia  50M, 
6Ua  64.39, 165.56. 

O^lTmerisationlntlieAboenoeofExtemalSnifaetant. 
To  a  lOOO-mL  three-necked  round-bottom  flask  eqmpped  with 
amediaiiicalstirrer,acondenser,andamtrogen  inlet  were  added 
aeqdamide  (AM)  and  dinieth3ddodecyl(2-aicr]daniidoethyl)am- 
monium  bromide  (DAMAB)  inthedeai^ratioand500niLof 
water.  The  total  oonoentration  of  the  comonomers 
was  k^  constant  at  021 M.  The  solution  was  heated  to  50  *C 
inawater  bath  witiiasmall  nitrogen  stream  passing  throuih  the 
system.  Pdlymetiaatkmwaatheoinitiatedkyaddi^ofKAOi 
(04)262g;  9.WxlO*molia3mLofdekiini»ed  water)  viaasyimge. 
Polym^Batkmwasoonductedoontinuooalyat50*Cfor6fa.a^ 
tiien  tiie  reaction  stopped  by  precipitating  the  popnner  in  800 
mLofacetone.  Thepre^dtatedpolyinerwaBWHdiedtwiceenth 
acetone  and  vacuum-dried.  Conversion  was  60-72%.  Farther 
purification  was  acoomplisfaed  by  rediaadving  the  polymer  in 
water  and  dialyting  for  a  week  against  water  usmg  a  12000- 
14000molecularw^d«t cutoff dialy^ tubing.  Thepdymerwas 
recovered  by  freesodrying. 

Cepolymerisatioa  la  the  Preeenee  of  External  Satfao- 
taaC  Equimolar  amounts  of  cetyttrimethyiammoniumbroiitide 
and  DAMAB  monomer  were  added  with  acsjdamide  to  the 
pdymaisation  astern.  The  same  procedure  as  in  the  inevious 
case  was  fioDowed-te  potymerisation  and  polymer  purkScation. 

SelutionPolymaciatioa.  AcopolymercontainingSinol  % 
OAMAB  in  the  fted  was  ptqwred  via  homogeneous  solntian 
polyrnsriadien.  AM  (232  g,  02M  moO  md  DAMAB  ^79  g, 
(i0178inoDintediasQlvedinS00ihLoftert4Nil3daleQhaL  The 
aolntian  was  piaged  with  nitrogen  for  80  min  at  60  *C.  AIBN 
(0266  g,  82  X  1(H  mop  was  thn  added  to  iidtiate  ^ 
popnneiisation.  PdymerisatiaawasoonductedlSarlOh.  Mtiiis 
caas,tite  copolymer  prscbyitatsdikomaolntionaapolymstiaation 
contirmed.  The  puiificotoprooedaiawae  as  described  for  the 
potymerisation  hi  water.  A  quantitative  jddd  wai  obttined. 

Characterixation.  qf  and  “C  NMR  i^ectta  were  rsmrded 
uting  a  Brakar  AC-800.  A  Mattson  2020  GUasy  Series  FTIR 
was  used  to  obtain  infimd  qiectia.  The  critical  mioriie 
concentration  of  DAMAB  was  determined  by  su^Me  tension 
measurements  with  a  Kruse  processor  tensiometer  K12  instru- 
ment  uring  the  DeNony  rfaig  method  at  25  *C  Vboosity 
measurements  were  conducted  withaContravesLS-OOiowahear 
rheometer  at  a  constant  shear  rate  of  6  p-*  at  25  *C.  Claasical 
Bibt  scattering  studies  were  performed  on  a  Qnomatix  KMX-6 
low-an^  laser  li^  scattering  qiecttophotometer  with  a  2-mW 
He-Ne  laser  operating  at  688  Ma.  Refractive  index  increments 
(dn/^)  were  obtained  uring  a  Chromatix  KMX-16  differential 
refractmneter.  Steady-state  fluoreecence  meesurements  were 
made  with  a  Spex  FIuarcdog-2  fluorescence  spectrometer.  El- 
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emental  analysee  to  determine  bromine  ccmtent  were  conducted 
by  MHW  Laboratoriee  of  Phoenix,  AZ. 

Baaulta  and  Diacnaaion 

Monomer  Strnetnre  and  Micellar  Formation.  In 
deviaing  synthetic  strategies  for  ionic  monomera,  it  is 
general]^  tetter  to  generate  the  ionic  structure  in  ^  last 
qmthetic  step  to  minfmae  any  isolation  and  purificatiMi 
problems.**  In  our  DAMAB  morxuner  ^theris,  the 
polymerisable  group  was  first  attached  to  the  organic 
firameworl^  followed  by  a  single  reaction  whidi  oormected 
ttehydiophobicgroiqitotteinaiKmieraiMlaiiiiultaneoosly 
generated  the  ionic  structure.  This  two-atqi  process 
proved  to  he  very  oonveoieat,  and  the  yidd  and  purity  of 
tteproductarequitesatisfactoiy.  ThePAMABmononier 
provides  a  quaternary  ammonium  group  for  mlwiMwd 
sdubility  as  well  as  tiie  dodeqd  pmqi  for  hydiopholnc 
association.  The acrjdamidofunctionality of tte monomer 
provides  a  competitive  ctqxdymerixation  rate  sdthacry- 
lamide.  Furthmmore,  this  monomer  has  anamphipa^c 
structure  analogous  to  cationic  surfactants;  he^  it  win 
form  miodles  at  concentrations  above  tte  critical  mieeDe 
oonoentration  (cmc).  The  cmc  this  numomer  was 
measured  to  be  42  X  IP-*  M.  Negligible  diange  in  the 
cmc  was  observed  on  addition  of  021  M  aojiamide. 
Kinetic  studies  have  denumstrated  that  monomers  itfthte 
^fpe  poMeea  mudi  higher  pdymericatkm  rates  due  to 
aggregatkm  at  the  monomers  in  water.**  In  our  case, 
formation  of  miodles  provMes  a  hi^  omioentoatkm  of  the 
reactiveacqdaniidogroiqMneartbemioelle-waterinter- 

during  the  ocqiolymerixation  with  aoyluaide. 

Copolymer  Synthesis.  DAMAB  and  AM  monomers 
were  oopolynietised  stucessfiiQy  in  water  and  in  the 
presence  of ertemalsurfactantfSdiemell).  Incorporation 
of  cetsdtrimethylammoniom  bromide  as  tiie  cationic 
ooeuifkctant  should  dilute  the  number  of  DAMAB -md- 
ecules  in  eadi  miodle;  therefore,  the  Idoda  or  *^ono”  ai 
hydrophdbkmononierunitsintheoopdyinerareexpeeted 
to  be  shortened. 

The  solution  pdymerixation  was  designed  to  yidd  a 
randomoopolymer.  CopolymerixationstudlesofAIdCd]} 
and  DAMAB  (N^)  in  tcrt-bu^  alcohol  indicate  that  two 
monomers  teid  to  undergo  ttmdom,  nea^  ided,  copo- 
lymerization  with  ri  >  L14  ±  0.06  and  rt «  028  ±  0.04. 
The  degree  of  DAMAB  incorporation  in  each  of  tiie 
copolymers  was  determined  by  elementd  analysis  for 
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Ficon  1.  Effectofe<Jnntontlieeb«<ofR-Cia-S.lcopoiymet. 
oopdjnnar  concenteetion  b  0.127  g/dL. 

bromine  content  The  resulting  oompoaitions  ere  sum¬ 
marised  in  Table  L 

Hm  oopolsmiers  ate  named  according  to  their  micro- 
structures.  The  random  and  mfcroMockycopdymets  are 
distinguished  hyhawngRfor*random*mdBfor*blodqr 
at  the  beginning  of  their  names.  C12  indicates  that 
hydrophobes  invidved  in  the  oopdymets  are  dode^ 
gtoiqw.  The  amcentration  of  tiiehyv^hoiihoUc  groups  in 
the  copdlyinets  ate  identified  ^  hurt  nnmiwr.  For 
instance,  R<!12-5.1  is  a  random' copolymer  containing  6.1 
md  %  dodeqd  gnapt,  and  SB-Cl2-i.S  is  a  nucroblodQr 
copolymer  was  prsp«w|din  the  presence  of  eatemal 

surfactant  and  oontahw  4.8  md  %  dodecgd  gtocqps. 

Light  Scattering  Studies.  Forhydrophobicdtyas- 
sochiting  copolymers  (BS-C12-4.8,B-C124.7,RfC1^1, 
and  methanol  was  used  as  a  coadvent  in  the 

li|dd  scattering  measuranent  to  disrupt  faydropholnc 
associations  and  to  keep  the  copdymeisftominteiacting 
withtimfilter.  As  shoim  in  Rgurel,  for  example,  R-C12- 
Uinfiwmefhanoi/watarmiriim9(y6Oh:fwoliime)di0W8 
ahl^MrriecorilythanindrionlsBd water;  lUsIsbdieved 
to  he  a  reente  of  Ineakage  of  fatnimdlecnlar  hydrophobic 
associatioiis.  hydrophoMc  stnofisti""*  for  the 

copojymersinthemiTadsolT^hftirttierdemoastrated 
Iqr  stmisdng  the  xeipoase  of  risoosHy  of  file  copotymar 
sdutkn  to  changes  in  shear  rate.  AaahowninFigm2, 
a  region  in  edi^  fiie  riaoority  of  in  water 

increases  with  incteafing  dieor  rate  is  obsersed.  Below 
and  above  this  tedoo,  the  copdymer  exhibits  Newtonian 
flow.  This  shear  tfaidmning  behavior  has  been  reported 
hy  other  reeearchew*  and  csn  be  explained  by  changes  in 
itrija-aiui  Tbf bitTSTiininnilaT 

sasodatioos  are  disnqrted  above  a  certain  shear  stress, 
and  diain  extension  results  in  an  increase  in  the  number 
ofintermoleoolarassodatiotts.  Tbeviaeosityoffiiesame 
polsnner  in  the  mefiianol/water  mixture  o^  increases 
sli^tly  with  increasing  slmar  rate,  indicating  a  mudi  less 
intramolecular  l^drophobic  association. 

The  weight-average  molecular  wei^t  data  for  the 
copolymers  are  presented  in  Table  L  The  copolymer 
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Flgaiek.  BffectoftlwsliaartatoootlievtaeodtycfIU!124.1 
ata484K/dL. 

syntheaixed  in  fcrt-butyl  alcohol  has  asubstantialbr lower 
mdecularweightthanthosepreparedinwater.  However, 
the  difference  in  the  mdecn^  weidrt  for  the  two  types 
of  copolymers  should  not  be  takenidone  as  the  reason  for 
their  different  association  behaviora 

Copolsrmer  Solnbility.  Ci^Kdymers  framed  in  the 
absence  and  presence  of  the  cationic  cosurfactant  exhfidt 
different  sdl^Qitiea  DAMAB  monomer  craioentratirais 
of  1, 5,  and  20  mdl  %  in  the  feed,  respectivdy,  rendt  far 
complete  water  solubility.  Theo(qpd^inerwtth2Smol% 
DAMAB  monomer  b  onfy  parthdly  aoluUe,  prdbdrbr 
because  of  multiple  assodationa  The  efiGsct  b  more 
pronounced  fra  t^  oopdymer  oraitaining  a  bidbr  level 
of  hydit^ihdba  IncrMning  DAMAB  monomer  concen¬ 
tration  to  40  md  %  results  in  total  inadoMity. 

Dilute  Solution  Propertiea  Vboometiyb  a  conve¬ 
nient  and  xeliabb  me&od  for  determining  associative 
properties  of  amphipatfaiccopolymersinaqoeoossolatioo. 
A  typical  intzarnolecolsr  associating  pdymer  in  aqueous 
sdution  b  diaracterbed  by  a  lower  vbcosity  conqiaed  to 
Hsparentpolymer'oontainingnobydrophbfaicgroq».The 
vbcodty  ^  increase  graduailly  wifii  pdymer  concentra¬ 
tion  due  to  an  increase  in  tte  hydrodynamic  volume 
occsqned  by  tbs  mactomdecula  If  a  ri^  increase  in 
^iparent  vbcodty  occurs  at  a  critical  concentration,  C*, 
tlto  polymer  b  then  desr^ibod  as  hrtermdecolaity  asso- 
dative  in  nature. 

Assodating  properties  of  the  copolymers  can  abo  be 
investigated  by  finocesoenoe  vectroaoopy  udng  pyrene 
asapn^  Theratioofthepyieneflnosemencelirteiidtise 
<rt  bemd  I  to  band  m  serves  as  an  indicator  of  fiw 

pdaxityoffiieniictoen^broonieot.  Alowervahieof/i//s 
indicatesamorehydrophobicenvironnientasexperiencsd 
bytheprobe.^ 

EfliBetofCbpeiynierCompodtion.  Befondbcnasing 
the  viscosity  propratiea  of  the  copdymemasaftmction  of 

tlK  tv^lyrtwr  if.  tm  nmKmmmmwy  *i% 

that  dnce  the  ccqidymers  are  made  at  relatively  h^ 
oonversirais,  they  are  eqiected  to  have  sooMahat  brood 
mdecular  wd^  dbtriinrtions  and  copdymer  conqiod- 
tirais.  Studies  in  Candaub  group  have  shown  finding 
mioeHaroqiKitymerbstirais W'. .  hemdeeularwelfirtand 
hydrophobic  content  in  tha- copolsuners  deoesse  as 
oopdymerizatirai  runs  to  hi^ier  convraaion.”  bo  our 
experiments,  the  oopdymerizations  were  terminated  at 
conversion  and  the  DAMAB  conoentrstion  re¬ 
mains  above  its  cmc  even  at  the  hipest  oonvecnon. 
Therefore,  the  number  of  the  lodrophobic  bloda  in  the 
copotymers  may  decrease  as.  the  oopotymerbation  pro- 
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FlfanC.  Eff«ctofpohnneroanoeiitnticmon%a<fi)roo|io|yiiiaa 
conUining  vriow  nyarophobic  ■eqoeiice  lengthi  in  aiifa)niH>d 
mtar. 

oeedfl,  but  the  sequenoelength  of  the  Uodnshould  remain 
lelatiTOly  constant . 

Figure  8  illustiates  the  effect  of  polymer  oompoeition 
onsdutkmproperties.  Viscoeity increases wifli increasing 
DAMABcontent  The oopolyi^ containing 0^ mol  % 

DAMAB  (RrC12*l)  displa^  viscodty  behavkrsindlar 
to  that  of  pdyaoyiamide  prqiMBred  unda  Um  same 
cmiditions;  there  are  no  aignificant  hydrophobic  assod* 
atkms  in  tlw  ooncentratioa  range  investigated.  •  Copoly¬ 
mers  anth  hitler  DAMAB  content  show  a  significimtly 
gTfintcr  d^iendenoe  of  the  vhoodty  on  cw^cewtratkiii, 
similar  to  the  previously  reported  bdiavior  of  AM  and 
n-allqdaciylamide  oop(^mitt  systems.*  The  copolymer 
vriUilOL6nu)15i  DAMAB(B-Cl2-l<WpoeseaBeBaloner 
C*  and  a  stesgMr  slope  beyond  C*  them  the  copolymer 
vdth4.7inol  %  DAMAB(B<n2-t7).  /C^battriM^ 
tostrongerintwTnioleciilarassociatipnsinihe  fanner.  The 
P*  values  of  AM-DAMABoopolymersategenec^ldi^ 
than  that  pf  an  AM  and  dodeqdacqdamide  popolsnner 
containing  0.25  mol.  %  dodeegd  groiqatii^niie  may  be 
attadbotedtothe  presence  of  duagedgroiqia.hiffiepolymer 
dudn.  It;bnoteiraithy,hovrever,thidnppo|y!deotrol^ 
effect  is  <diserved  far  these  ayiteins  in  tte  dflnte  reginm 
doe  to  the  low  DAMAB  conoentration. 

Addition  of  a  catiooie  surfactant  to  the  pdymeruatum 
qntmn  cemtaining  5  mol  %  DAMAB  remiUs  in  a  lower 
ak^  gradient  in  the  visconfy  profile  at  the  resultiiig 
p(^nner(BS-C12^4;3)  relative  tothe  one  without  external 
surfactant  (B-Gl2^^<Figure  4).  This  is  consistent  with 
formation  of  shorter  blocks  and/or  a  more  random 


FIgamS.  /i//«aeaftinctiencf polymer coneentrationforviiioMs 
copolymMa  in  deiniiiied  water. 

distribution  of  DAMAB  units,  decreasing  the  tenden^r  of 
intermolecular  association. 

Acanpbtely  different  viacoaityprofilefartheoopdlynier 
with  5.1  mol  %  DAMAB  prepaid  by  sdution  pobnner- 
ization  (RrCl2-6.1)  is  observed  (FigiiM  4).  The  reduced 
viscoaily  decreases  with  increasing  pdjrmeromioentiation, 
indicating  that  hydrophobic  associations  are  largdy  in- 
tramdecular  in  nature.-  This  point  will  be  addrMsed 
further  in  the  discussion  of  fluorescence  data  and  solvent 
effects. 

Fluorescence  Studies.  Figure  5  d^icts  the  dqten- 
dence  of  Ji//a  values  pyrene  steady-state  flnoceeoenoe 
spectra  on  polymer  (xmeentratioo  in  aqueous  solutioos  of 
the  (x^blymers.  /i/Js  values  for  BS-C12-4.8,  B-C12-4.7, 
and  1^12-10.5  otmolynMrB  remain  almost  constant  at 
1.36-1.38  m  the  concentrations  above  0.05  g/dL  upon 
dilutum.  Ihrtherdeaeasesinthecopolymercoaoentra- 
tions  result  in  r^>id  increases  in /i/Js  values.  The  data 
suggest  that  pyrene  molecules  initially  reside  inside  file 
hydn^hobic  microdomains  fmmed  tiizooi^  assoriatinn 
of  the  hydn^ibolnc  groups.  These  hydrcphobic  nnero- 
domains  vahuh  as  pdj^er  molecules  are  diluted  to 
concentrations  below  0.05  g/dL  such  that  pyrene  probes 
areexpoeedtoamoieaqoeousenrironnient  Thisbdiavior 
is  consistent  witiiintermolecolarhgrdrotdibbicaasodation. 
Furthermore,  increase  in  I  Jit  occurs  at  concentrations 
wellbdowC*. 

at  the  microscopic  le^  take  plM  at  mudi  kwer  con¬ 
centration  than  reflected  by  macrosooidc  properties. 

fifr«ieihioreecenoe^)ectcafartiieBi-Cl24.1copoliBn» 
are.  consistent  with  daesical  watarwohdde  polymeiie 
sinfactantbehaviori*  (Figure  5).  Akw/j/Jgvahwofpytene 
tiirou^ioutthecopoljnnerconcentcationtangeisobeecved. 
This  indicates  that  the  R<712-6.1  copolymer  proddes 
hydrophobic  microdonurins  and  acta  as  a  ho^  The 
presence  ofhydropb^mictodonMdna  is  independantof 
c<y<dymerconceiiitiation,conristentvrithiiitraniolecaiar 
association. 

fi/f>valoegintifaRFC12-l  copedymeraolntion  decrease 
cootinoooriywitirincieaehigiMjyi^  concentration  (Fig- 
ureS).  A stmilar behavior b-observed in polyaeadsodde 
sdutions.  Therebnowdl-definedtranritionpoiiitintiie 
IJJt  vs  copolymer  concentration  mirve,  aiinesting  tiie 
absence  of  hydrcqihdbic  intoactions  between  long  alkyl 
chains  oqubb  of  sequestering  a  pyrene  probe  tte 
aqueousenvironment.  Thbiirformation  agrees  favorably 
with  that  obtained  from  viscosity  studies.  •  . 

Effect  of  Solvent.  ■  Hydr^hobk  assodations  are 
induced  by  the  water-structuring  effect.  Change  in  tiie 
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iiater  itnieton  liy  additkn  of  addithw  «  ooiohvi^ 
dtfwr  enhance  or  redooe  bydtopliol^  interactioas.  de¬ 
pending  on  tiuoatofe  of  tbe  additive.  Contralledstadiee 
of  dungee  in  tiw  iheologicel  propertiee  of  polymer 
sohitiou  in  diffeient  aqaeooi  niedia  provide  infbnnalion 
on  polynner  conformation.  Indiiivia(l:,Ni&isuwdaB 
a  wafteratroctaredioradng  agent”  and  M-dkirane  ai  a 
anrtereteoctiJie-fanoUngatent”  TheBrfhS-loopolynier 
ii  aoinUa  in  both  (M)5  M  NaBr  aftaeoai  eolation  f^  a 
arater/dioiane  mixtare  in  a  ratio  10  to  1  by  volume. 
Honever,  edability  of  the  oopolynieni  irith  Hghw  by- 
drophoba  oontant  ia  affectad  dgdficantbr  by  add^ 
aztarailalactiQbfte.  Addition  of  NaBriaeidti  in  pnc^ 

The 

copolynian  are  aolnbla  in  the  iiatai/dioana  ndztore. 

Figare  6  ihoere  tiie  affect  of  aolvant  on  the  viModfy  of 
tiialbd2-6.1oopQ|yner.  ThatedooedfiBCoaBylncreaBee 
iqion  addition  of  10%  dkaonie  Udeieattrflbatedtotiia 
dacraaaa- in  the  ft— »*  of  fntranmlonilar  aeeociation 
teeoitiag  in  tiwospanrion  of  the  polymer  oofl.  btecmo- 
lacalar  aeanriation  ie  abo  dienqitod  aa  dioxuia  it  intro- 
daoadintoB8-Cl2-4.8andB-Cl2-4.7oopolyn]arBohitiona. 
The  viaeodiy  of  the  BS-Cl2-i.8  oopdyiner  aboni  laee 
oonoantntion  dependenoe  dne  to  ladiued  intennoiecalar 
aaaociationtandaiicydPigaraT).  Itieintereetiagtonote 
tiwt  tide  oopotymar  poaaeaoea  a  hitfier  xadnoed  viaoodty 
in  the  loner  coneentieticn  range  in  tiw  natea^dkaana 
miztare  than  in  daionhed  nater.  A  dmOar  bdiavior  ia 
abo  dbaerved  for  the  B-C12-4.7  copolyinar.  A  pootibb 
endanatioo  b  that  tiiaie  are  aoma  intramolacalar  aaeo- 
cbdioaa  of  hydxo|dioldc  groopa  in  the  loip^oaoentratum 
re^naitiiidiaredbtaptadaponadditianofdiorana.Tlib 
indkataa  that  hydrophobic  aseodatione  undergo  a  tran- 


•ttion  from  intennolecalar  to  intramolecular  niim  the 
aolutkmbdihitad.  AahnilarobaervationnaerqiortBdlqr 
Siano  at  aL**  in  a  etndy  ct  aciylamida  and  iLodyiacryl- 
amide  oopolymere  oeing  S-anilfoo-l-naidifoalenaaalfooic 
addasafinoteaenoepioba.  SdiabetaL*aboobaarved 
each  a  tianaitkn  for  the  copolyinar  of  acridainide  and  a 
nonkade  aorfoctant  monomar.  Honever,  aodi  an  in- 
tramnlacnlaraaeocMtionatloercooeentratkmnaanoteeen 
inpyrenainobeatadiee.  Thbsiiggeatathatnhflapolsaner 
adution propatieenay  be  influenced oonn^rablylv  the 
preeenoa  of  hydropholMc  intmactioiie,  aggiegatae  may  not 
be  of  eufBdant  ebe  to  protect  pyrene  molactdaa  frmn  the 
balkaqoaoaaaolntioo.  /]//avaiueeofpymeffaiaeaoenoe 
in  eoch  caaaa  foil  to ‘‘rqiort*  the  pceaenoe  of  hydrophobic 
interectiona.”  The  vbooaity  prafib  of  tiie  1^12-1 
oc^Mlyniar  b  aaeantbOy  inveriaitt  with  addition  of  NaBr 
or  diozane,  again  mdicating  tiia  lack  of  hydrophobic 
interactkeia  in  tide  ayitem  (Figure  8). 

Omdudoiu 

Rhaologicnl  and  flooreecwioe  atudiee  of  amphipathic 
oopolyineiB  of  AM  and  DAMAB  have  denHoalnted  that 
the  aiBoriatiiighehaworof  thacopolymewbgoveniedby 
the  anangement  of  DAMAB  unHs  along  ^  polymer 
dudns.  A  random  copolymer  with  6  mol  %  of  DAMAB 
sboneatandenqyteinbamolecalarhydrophobfcaaao- 
qati<a>,nhfle  a  ndctoMocky  copolymer  of  identiceicom- 
porftion  reeulte  fa  fotermolecalar  emocietion  of  hydro- 
phobes.  Thehitenneleciderliydropliobieemociationeare 
enhanced  hyinciembgthabhgthoftiiehydioplidbicblodc 
and/or  tile  number  of  hkcke  in  the  pohnnar  chain. 
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ABSTRACT:  TIm  td mtrtaMmntm  AwU.«y<  mlfat* 

bromide  (TTAB),  end  ‘Mton  X>100  with  emphiphiHr  copolyaMW  ot  acrylaaide  and  dimetfayidodacyUT- 
aciyUmidoethyOammoiiHnn  bromide  (DAilABlharabMBiiwaeHgeted  in  aqMioueeolutiooa.  Therheoinfieal 
propettiee  of  a  oapobner/aarfeetant  qntani  are  afbetad  bgr  boUi  the  aiaaetmctare  of  the  oopobonar  and 
the  nature  of  the  anrieetant  Addition  ofUmnonioBkaurtaetant,TWtooX-100,reaidted  in  a  torpeincreaae 
inthereduoed  viaooaityforthenuaoblodQreopobmMn  withSmol  %  DAMAB.  while  a  random  oopotrmer 
with  the  aame  oompoaition  aihibiled  a  collapeid  oonfonaatkm  in  the  pioeenee  of  the  cationk  aurfaBtant, 
TTAB.  A  atrongviacoaityenhanflanientwaaobaamdodwnSDS  wee  added  to  the  aohitioii  of  a  copolymer 
nftiit«ini«|  0.32  md  %  DAMAB.  Evidence  of  mixed  micallaa  formed  by  eurfactaat  moleculea  and  the 

viaoometry. 


Introdaetion 

The  solution  properties  of  aqueous  media  can  be 
dramatically  changed  by  utilizing  combinations  et  am¬ 
phiphilic  copolymers  and  simple  surfactanta.^  However, 
ibao  is  presently  an  inadequate  understanding  of  the 
mechanism  of  the  interactirms  between  mactonmlseulM 
and  surfactants.*  Aqueous  adutiona  comprised  of  poly¬ 
mers  and  surfactants  have  been  studied  by  a  variety  of 
eqierimental  techniques  including  visoomeby,  surfsce 
tension,  dialysis  equQihrium,  NMR,  ESR,  neutron  scat- 
ttting,  and  fluorescence.  In  gmetal,  the  surfactant 
molecules  fmm  mkelle-like  dusters  associated  with  the 
pdymer  chains.  The  behavkw  of  these  syatems  can  be 
described  by  two  critical  surfactant  concentrations,  name- 
hi  the  critical  aggregation  ooncentiation  (Ci)  and  the 
aroarentcriticalmic^ concentration  (Cl).  Ciisdefined 
as  the  surfactant  concentration  required  to  i^uce  sur¬ 
factant  binding  to  the  polynier,and<^  is  the  conoentration 
at  vdiidi  all  primer  sites  avaiUble  for  interaction 
with  surfactant  are  saturated;  furtiier  increase  in  surfactant 
concentration  will  lead  to  the  fnmation  of  daaaieal 
micelles.***  Ci  and  Ct  are  always  located,  teqwctively, 
bdow  and  above  the  critical  nuo^  concentrataoo  (cmc) 
dthe  oorreqKniding  surfactant  in  pore  water  sohition.  Cl 
islaigelyin<^)endentofthep<^nierconcenttation,ed»ile 
the  maximum  amount  of  pdymer-boondsuifBCtant  in  the 
tyatem  increases  lineady  with  the  total  pdymer  concen¬ 
tration  m  the  soIntkML* 

Interactions  between  polyeiectrolytes  and  charged  sur¬ 
factants  in  aqueous  sdution  are  governed  primarily  by 
Coukanlnc  fcwoes  and  dipde-hm  interactions.  For  ez- 
miq)]e,  pdtydectrdytes  interact  strong  with  oiq;)Qoitely 
charged  surfactants  which  can  lead  either  toalarge  increase 
msohitianviacoeity*‘*orinsomecasestoplMiiiea«qmrstion.* 
Often  the  assodatrans  between  polyeleetrdytes  and  sur- 
fMtants  are  quite  weak  or  absent  mainly  b^use  of  the 
Qofavorable  electiostatic  rqniUicms.*^  Whenpdyelec- 
tidytes  are  h^bqpbobically  modified,  the  situation  be¬ 
comes  more  complicated.  In  addition  to  the  forces 
operating  in  simple  polyelectrolyte/surfactant  qrstems, 
hydrophobic  interactions  between  the  amphiphilic  groups 


on  the  pdymer  drains  aiKl  the  surfactant  molecoles  also 
play  important  roles.  For  instance,  a  Cirgrafted 
hy^ozyethyl  cdlukae**  exhibits  stzmig  association  with 
SDS  e^ile  its  parent  pdymer,  **  hydrm^ethjd  cellulose, 
interacts  only  weakly  with  SDS. 

Ariother  mqior  oonaidetation  affecting  amphiphilic 
pdymer/surfa<^t  interactions  is  the  chemical  micro¬ 
structure  of  the  pdymer,  particularly  the  ‘^mer*  distri¬ 
bution  resulting  6om  the  method  of  pdymerizatian.**A» 

Change  in  the  compositional  distribution  candramatically 
alter  the  association  of  surfactant  with  the  polymer. 
Addition  ofSDStoanaqueous  sdution  ofhydrophobicaDy 
modified  pobKsodium  acrylate)  has  been  diown  to  cause 
a  marked  viscosity  enhancement.**  The  viscosity  psmes 
tinou^apionouriced  maximum  in  the  region  of  thecrilical 
micelle  concentration.  Thisviaooeityincreaaeisobaaved 
only  edren  the  pdymer  concentoatkm  is  in  the  semidilute 
regime  and  itbattributed  to  mixed  micwlleliasonshetween 
the  hydrc^hobic  dements  of  the  chains.  Thedecteasein 
viscosity  above  the  cmc  arises  from  stdchkunetry,  raice 
the  mixed  rakdles  eventually  will  oontain,  on  average, 
only  one  polymer  alkyl  chain  per  miodle,  and  cross-liiiking 
will  balori  because  there  is  rro  longer  any  stoichiometric 
requirement  for  the  polymer  hyd«^>hobeo  to  share  mi- 
cedes.  Similarly,  studies  for  hydraphobically  modified 
acrylamide  copoiytuea  in  the  presence  of  SM  suggest 
that  the  surfruiantdmntyts  intennolecolar  association  of 
the  hydrr^holnc  groiqis,  cauring  a  decrease  in  sdution 
yisoo^.*****  Lb  visoometric  studies,  Goddard  et  aL* 
investigated  the  rffect  of  the  polymer  structure  on  the 
interactions  of  cationic  polymers  andanadonicsurfaetant 
system.  Their  studies  indicated  that  addition  of  SDS  to 
a  cationicalty  modified  celluloeic  terpolymer  leads  to 
intennolecultt  association  between  pdym  chahm  via 
boundsurfsctantathighpotymer  concentrations  (1%  by 
wei^t)  but  intramolecular  asBodationatlowconeBiitration 
(0.1%).  A  similar  investigati<»i  of  the  interaction  of  SDS 
with  poly(acryiamide-co-(|8-methactyloiiyetlqd)trimeth- 
ylanunonium  diloride)  showed  no  detectable  change  in 
viscosity  over  the  same  SDS  concentration  range,  ai^  it 
was  concluded  that  the  latter  polymer  maintained  a 
constant  conformation  during  bin<tiiig  of  the  surfactant.***** 
In  an  analogous  study,  Hayakawa  et  al.**  investigated  the 


*  Abitract  publiahed  in  Advance  ACS  AbstraeU,  March  1, 1994. 
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Plc<m  1.  Stroctun  of  AM/DAMAB  oopotyuMn. 

intoipc^kmoftriiiiothjidodacyhiiMnonhim  bwMBide  wiA 
pdty(ftyteiMculfoiiato)  oad  dextna  wUtte.  The  equi- 
lihriw  Mhding  cooeUat  ie  higher  ior  polyOrtfteoo- 
eulfoDete)  tlun  for  deatean  lolfrte.  the 

oooperativity  <tf  the  hiitdiaf  it  lughw  for  ttie  more 
hydraphilicdextniital&te.  Thaehi^bwhSFd>0|dM>l»dty 
in  a  polymer  doea  not  neceeearily  reaott  in  tiiufwwi 
miceilar  duatoing  of  aurfeetant  on  the  polymer;  other 
Cactora  aodi  aa  hnw  diaige  dendty  and  fleiAiilify  of  the 
polymer  moat  abo  he  tato  into  aooount 

faptewouafmrii,aiedeectibeddieayntheaia  and  eohition 
propertiea  oi  oopdymera  of  acfyiandde  and  dimethsd- 
dodtegdC^-acrsdamMoethyOammonium  bromide  (FigiOT 
Theeeoqpolymeiaootttauivatioiiaamoanta(iipto 
10  mol  %)  oi  d^e^  gioupe  md  ahow  aeiy  intereating 
hydrophoUc  aaaociattve  proportiea  in  aqoeoaa  aohrtions. 
Aaaodathre  behamor  d  the  copdymera  la  affected  to  a 
large  degraebythearcangementoftehydrophofaicgioiipa 
ahwgtheoopdymerdia^  WhendMhydrophoUegcoapa 
in  auch  oopolyiaem  are  arranged  in  a  hkaMhe  ftahioo, 
the  hydngdiobic  interaetfama  laonote  intermoleGnlar 
aaaodatioii  when  the  copolyiner  coocentratka  la  above 
C*.  A  random  oopolymar  nidi  dm  aanm  oompuaitioo 
exhibita  intramolecqlar  aaeociative  behavior  and  teacfaee 
C*  at  much  h^^  oonoentratiocL  The  intermolecalar 
interactkoa  can  be  enhanced  by  increadng  the  length  of 
the  hydrophoUc  tdo^  and/or  the  nomber  of  Uo^  in 
the  oopol:^Der. 

In  tl^  paper  ae  report  atudieo  of  the  effecta  of  aodiom 
dodecylaalftte,trirneth3dtetradecadairirnoniambton»ide, 
andTHtoaX'lOOontbeaohrtiattpropertieaofoopolymen 
ofaGr3damideaithdimetb3ddode(9l(2-aGQdainidoethyi)> 
ammoninm  bromide.  SorfiMtaat  ooooentrationa  wore 
choaentoqionarantefrombelowtoaibaeethecmeofdre 
aorfMtants  in  pore  erater.  Rheological  hehaeibr  aa  a 
ftmctioa  of  the  type  of  anrfKtant  and  the  diatcibntioo  df 
thehydroidrobiegroiqMlairrvoatigated.  Complianeiitary 
data  obtidned  fay  anrbce  taoaion  and  pyrene  probe 
fhmifyance  are  *!■«»  pmatmtod 

Baperimental  Seethm 

Matarlala.  DaioajaadaatarqaadindiiBatiidyhaaatMhtWty 
of  IglffiandaaarfiMBtanaianofTOAniN/ai.  ASearCeetaata 
awe  poiciiaaed  from  Aldiidi  (parity:  ffl)8,96%;TrAB,W%; 
Triton  X4Q0,  oontainfan  <8%  p^etfagdane  ^hwoO).  The 
aynthawa  of  the  oopefarmera  hare  been  deeded  eleewhere."'* 
Mknblody  copotyinan  aon  ptepaied  by  fteemdioal  potyiB' 
eaiiatioo  in  aqoooaa  aohrUon  irith  die  avlactaat  monomer 
ooneaimatienidwmcmc(B&-Cl2-48,B-Cta-4i7).  Taranadom 
oopolymera  aere  ayntheeiaed  via  aolution  potymeriaatioa 
teehniqoae;  one  to  Cer«'bat|delo(dMd(R-Cl2-6.1)  end  the  other 
in  water  with  the  aurCaetant  monomer  ooooentnition.bek>w  the 
cmc  (R-C12-1).  The  oompoaitiaoa  d  the  oopdjmeta  are 
aummarixed  in  Table  1.  The  OAMAB  content  waadetennined 
by  demental  analyda,  and  the  wei^taverage  OMdecukr  weights 
oftheoopdymenweremeasuredwitha(3iromaUzKMX-61ow- 
scattering  spectrophotometer  in  methaiud/water 


nguel.  SolubaitydiagiamcfR-Cia-I/SDS;  two  phases  (a): 
dsar  sohitkn  (O);  gal  (*). 

_  TeUaL  Caameaittoa  ef  Copolymers 


copofarmse  l>AUAB«aataat(mol%)  if«xi<h< 


PAM 

0 

1.12 

s-cu-t 

0A2 

0.74 

BB-C1^<8 

48 

0.98 

B-CU-4.7 

4.7 

IM 

&1 

<U7 

B-C1>-10l5 

lOA 

L12 

Methods.  Smfaeeteosionmassniements were peifonned with 
a  Kinm  Proesasor  Tensiometer  Kt2  instrument  at  25  *C  usfaig 
aPtOeNotqrrmg.  Viseoei^measurementa  were  conducted  an 
aConttavmLS-80k>wdioariheoineterat25*Candaihaariata 
of6r*.  Ktementd  anaiyam  warn  conducted  by  MHW  Labo. 
ntoeim  af  PhoaniXtAZ.  Staadyatatelhiweaoaaoaqwctmwam 
cbtainadwitha^iexFhianiiaggflaofaaoeDoaapadiophatmnaltr 
aqdppadwithaDhnoOOPdatagyatam.  flanriral  lij^t  «f 

'****‘*^~mr  ^rfTr~iri‘TrtthafTirTiniatiTlfMff’  ftlmranglaiaaig 
Ugfat  acattaring  apactropbotometar  with  a  2mW  He^  laaar 
epandngatgnus.  Baftacthe  index  incremspts  foe  daasicai 
etodim  wawobtainedoiiaChiomadxKMX-ieimir  dif  iwartM 
lefraetaaBetar.  Ai^pectia-Plqniml271aaercpatatincattnU 
nm  wmnmd  for  dynamic  ht^aeatteringatahae.  Data  warn 
ooBacted  uafaif  a  BraoUatean  inatriiuiaiita  MniM  K-lOODBIf 
aatomatiegoidomatorfaifoifocedwithaBiooldiavinhntxgmaBai 
panond  computer.  Stndim  were  paribnaad  at  90*.  and  the 
aigadawaie  pcooaamd  with  a  Broolhavan  hMtmmama  Ifodd 
BI-2O30AT  autoconalatoc.  Data  wan  anabmdmfaig  dm  algo- 
ridan  OOMTTN  and  amoriatadaoftwan  prodded  fay  the  asm- 
ufoctaiat.  Poiymaraohitkiiaof2X)xl(Mg/aBLin<L6MNiiCI 
wen  (Stand  In  a  Tygon  tafaing  inter  loop  uaing  IfiDipom  tUh* 
mfStantonaaondwt  T^iedBBiadontimmwanldHS 
h.  MoltbdoanalyimwanpertinnodtoonsontsptodBcaiiSly. 

Baanlta  and  Disevaafam 

Ankmie  Sarfaetant.  SoliibUity.  ThaaohibQttydi' 
agram  for  the  oqpolymer  R-C12-1^3D6  ayatam  in  ddon- 
iiad  water  is  ahown  m  Figure  2.  At  l<m  polymar 
ooncastratkoa  (CL  <1%),  the  aystem  exhibiti  aawni 
diatinguiahabla  aoiubility  tones.  When  SD6  ii  initiaQf 
added  to  the  copedymv  aidation,  torM  twoiidtaae  Sa- 
pankma  are  obaerved.  Contina^  addition  of  the  anr- 
fMtantreaalta  in  mactoaooidc  phaaa  aqisTation  In  iridih 
<me  dear  phase  is  on  top  the  oUier  dear  fdtaae.  The 
precipitate  it  leaddlHlbed  in  the  presence  of  eioed 
surfactant,  and  the  resulting  solutknis  ere  efear  and  fluid. 
This  solubility  behavior  is  dmilar  to  t^  reported 
Goddard  et  aL**  Note  that  the  transition  occurs  at  dtf 
cmcofSDS.  Initial  predpitation  of  the  copolymer  in  tfab 
case  is  caused  by  interaction  of  SDS  vnth  the  ctqioilyi)^ 

oppodte  ion  charge  interaction  between  surfactentaod 
polymer  ions,  and  this  simultaneously  increases  bydr^ 
«i»oh!/ntv  of  the  copolymer.  At  higher  surfactant  coO" 
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FifimSt  8urfioeteMk>nineMuwin«it»<rfSDSintliepm«ice 
•M  abtenoe  td  R-C12-1  oopoljmier  (C^  >  0.23  g/iL). 


ngani.  wmd  function  of  SDSooaceotntfkm  far 

R-C12-1  copolymer  at  a  oonooitntiao  of  023  g/dL  (C^  >  1(H 
14)* 


oentntioiis,  Iwwevnr,  it  is  likdy  that  the  8DS  fanns 
mioeDe-Iike  dusters  around  hydrophobic  groups  attached 
to  the  polymer,  and  the  copolymer  is  re^ubUzed. 

When  ct^Mlymer  concentrations  are  above  1%,  a  gel 
phase  is  observedat  the  surfactantcmioentrationsbetw^ 
tto  prec4>itating  zone  and  die  resoiubilicing  sons.  Ap- 
parent]y,Iiaiaonsresoltinaphyncalcroas-linUngiiedrark 
tequiring  association  between  SDS  and  the  ct^idbnner,  no 
su^  gel  funnatimi  is  observed  in  the  pure  ccqiolyBur 
solutions." 

Phase  separation  occurs  vdien  SDS  is  mixed  with 
B-C12-42,  B-C12-4.7,  and  R-C12-5.1  copolymer  solu¬ 
tions  throu^UHXt  the  ccqiolymer  concentration  range. 
Dubin  et  aL*  have  shown  that  die  degree  of  ion  pairing 
between  hi^  charge  density  pdyelectrotytes  and  oppo- 
dtdy  diarg^  micdles  is  very  extensive  so  that  complu- 
atimi  leads  to  the  r^iid  and  irreversible  formation  of  an 
ani<mdiouaaolid.muAaathemixingofq>poaitdydiarged 
strong  polyelectiolytes  produces  water-insoluMe  *poly- 
dectrolyte  complexes*.”  In  our  study,  predpitatkm  of 
die  copdymers  upon  addition  of  SDS  may  be  caused  by 
this  strong  ion-pair  interaction.  Because  of  sdubility 
Umits,  studies  of  the  interaction  of  SDS  and  ct^Kdymers 
were  focused  on  SDS/RrC!l2^1  eystems. 

SurfkoeTension.  SurfisoetensummeasuranmitBshow 
adasskal  “crossover*  the  *witb- and  enthout-polymer" 
surface  tension  corves  for  the  SDS  solutions"  (Figure  8K 
Tbe  surfiMe  tenrimi  of  the  SDS  solution  in  the  absence  of 
tbe  oq;xdymer  diqilays  a  prmiounoed  minimum  in  the 
region  of  the  cme.  bin  been  previously  reported  as 

aresuR  of  the  presence  ofalauijdaloohiolinqiutity  in  the 
surfactant" 

Tbe  concentration.  Cl,  at  wfaidi  the  surfactant  begins 
to  interact  with  the  polynier  and  the  concentration,  at 
iriiidithenonnalniiicelleabe^tofotmarecon^ricoous 
InFIgureS.  It  is  interesting  to  note  that  in  dw  presence 
of  the  oopolynier  the  sur&M  tenskai  curve  shows  no 
minfanum.  Itcanbeinferred&omtbesiugieofthecorve 
that  lanryl  aloedud  is  comicellised  in  the  poiymer- 
sorfactant  complex  in  prefaence  to  being  adsorbed  at  the 
ahHkioid  intoface.  When  regular  micelles  fmm,  the 
measured  surface  tendons  are  sU^dy  h4^  in  the 
inesenoe  of  otywtymer.  This  may  be  an  artifact  of  the 
DeNbuy  metb^  arising  from  viscoelastic  reooO  of  the 
■dubOirndotyiolymer.  The  lower  value  of  the  copolymer 
curve  at  surfactant  ooncentrationa  below  Ci  can  be 
explained  by  the  surface  activity  of  the  copolymer. 
Adsorption  copotymer  at  the  surface  would  neoenarily 
omiqireas  the  area  available  for  surfactant  adsorption, 
wbidi  would,  in  turn,  increase  the  surface  excess  surfactant 
concentration  and,  con^uendy,  cause  a  lowering  of  the 
■urfacetmision.  Thehighersurfacetensionatasuriactant 


concentration  around  the  cmc  cleariy  demonstratea  land¬ 
ing  of  the  surfactant  to  the  oopolyi^  and  concomitant 
depletion  of  surfactant  from  the  adr-water  intcorfime.  Ci 
inthlscaaei842Xl(HM.  The  surfactant  adsmption  on 
the  polymer  reaches  a  limit  at  a  surfactant  ooneentratum 
of  9.7  X  10-*  M,  corresponding  to  60  SDS  molecules  per 
DAMAB  mmwmer.  llus  agrees  well  with  the  value  of 
60-60 surfactant  molecules  per  micelle  cluster  rqxwted  in 
previous  literature." 

Viscosity  and  FlnoreseenceMeasnienienta.  Figure 
4  illustrates  the  dependence  of  the  reduced  viscosity 
R-C12-1  copdymer  on  the  SDS  cmicentration.  Twitjul 
addition  of  SDS  causes  a  alight  decrease  in  the  viscosity, 
presumably  due  to  the  loes  of  the  copolymer  from  ^ 
solution  v^ch  could  arise  from  mixed  formation 
within  each  single  amphiphilic  ce^mlymer  iwnlowila  in 
solution.  On  the  other  hand. /i//t  decreases  in  the  region 
unto  a  constant  mine  is  readied  at  a  surfaMfant  concen¬ 
tration  ofS.!  X  10-*M.aconcentiation  significantly  lower 
thanthecmcof  SDS  (82  X  1(H).  It  is  notewordqr  that 
/i/Js  decreases  gradually  with  inoteai^  SDS  concentra¬ 
tion  overali^surfactant  concentration  range,  indicating 
that  the  baling  of  diatged  surfactant  occurs  by  a 
noncooperative  medianism."  It  is  likely  that  surfactant 
molecules  first  adsorb  on  DAMAB  monomeruaits  atkw 
surfactant  concentrations  to  form  hydrophobic  dusters. 
Continuous  addftioo  of  the  surfactant  results  in  aninomae 
in  duster  rise;  a  Iqrdrophobic  mictodoinain  is  formed  at 
a  critical  concentration  of  5.1  XKHM.  TheratiodfSDS 
molecules  to  DAMAB  monomers  in  each  mktodomain  is 
34  as  estimated  from  fluoresoence  data  in  Figme  4.  This 
value  is  lower  than  that  determined  fimn  surfisce  teiwi- 
mnetry  but  is  reasonable.  Itappeanthatnotdlof  the 
potyniw  hydrophobes  are  cmnicelfixed  at  Ci.  The  tran- 
sitira  point  of  the  curve  corresponds  to  tlM  surfactant 
conooitration  at  vdiidi  the  pre^ntate  begins  to  resolu- 
bflixe.  This  deariy  inqilies  that  mioeiUe  type  aggregates- 
ate  re^wnsiblB  for  redissolntion  of  the  preetyitate. 

At  the  cmc  of  SDS,  further  addition  of  surfactant 
dramatically  enhances  the  adution  viscosity.  Thecurve 
readies  a  plateau  value  at  18  mM  81X3.  Tins  viscosity 
behavior  differs  from  that  observed  by  Leung  and  God¬ 
dard*  for  a  cationic  ceUnloae  ether  and  SDS.  Intbelatter 
caae,thehigfaestviacoeitywasobeervedintheprec4dfadion 
zone,  and  viscontydroi^ied  sharply  in  the  resotoldlizatimi 
zone.  In  our  qntem  ^  increase  in  viscosity  may  be 
ascribed  to  association  d  surfactants  and  DAMAB  d  the 
ccqxdymer  in  mixed  lordroplmbic  microdommns.  It  is 
reasorable  to  assume  (hat  adjacent  hydrophobic  micro¬ 
domains  combine  with  increasing  SDS  concentration. 
Larger  dusters  then  form  which  may  contain  DAIMAB 
units  bdonging  to  two  or  more  distinct  polymer  fthaitio- 
Taking  into  account  that  the  copolymer  concentration 
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Fifiirefi.  Effact  of  SDS  on  the  »— i  of  homofxJyicrvkmidft. 

Studied  is  in  the  semidOute  regime,  these  miciodomain 
dusters  serve  as  sites  where  hydrophobic  groups  from 
a4iacent  polymer  chains  assodate  intermolecularly. 

Formation  of  intermdecular  association  in  this  system 
csnbe  seen  motedeady  by  studyingthe  viscosity  heavier 
at  fixed  surfactant  conoentrationa.  As  shown  in  Figure  5, 
a  sharp  vqptum  in  the  visoQsity  occurs  within  a  narrow 
concentration  range  in  the  system  contsdmng  6L32  mM 
SDS,^icalofmteimdecQ]arassodati(m.  Su^viscodty 
enhsoocement  is  not  observed  for  pdyaciylanude  (Figure 
6).  Obviously,  this  interchain  association  is  fscOitatod  by 
interactions  between  SDS  and  DAMAB.  It  is  interesting 
to  note  that  the  viscosity  upturn  occurs  at  the  concentra¬ 
tion  where  a  constant  limiting  value  of  It/It  is  readied. 
This  value  is  very  dose  to  the  <me  in  Figure  4,  suggesting 
that  pyrene  molecules  locate  in  similar  mix^  micelles. 

dea^,  two  effects  promote  DAMAB  assodation  with 
SDS,  hydn^ihobie  and  knuc  Msodatkms.  Qydrrvbolnc 
assodationsreduce  the  cmitactsof the  hydropholnc  groups 

the  copotymer  vdth  water  and  cmseqpiently  lower  the 
freeeneigyc^thetystan.*  hinicattractionsbetweenSDS 
mdeeuks  and  tile  cationic  groiqis  the  copdymer  aho 
contribute  to  the  fmmation  of  mixed  micdles.  Eadi 
micetle  apparently  contains  two  or  moteDAMABmmeties 
bdonpng  to  different  polymer  diaina. 

NonionioSnrfaetant.  SurCsoeTendon.  Ithasbeen 
shown  that,  inasystemcompoaedofanonioniesoifaetant 
and  a  pdymer  having  hmg  hydrocariion  pendent  groups, 
surfactant  mdecules  form  miceUe-Uke  dusters  adsorbed 
toeadihydrocarbondiain.*^^^  SudiassociatioDsalso 
occur  when  Triton  X-100  is  added  to  the  R-C12-1 
copolymer  solution  (Figure  7).  Ci  is  0.032  mM  and  Cs  is 
0.40  mM. 

Viscosity  and  Fluorescence  Studies.  The  effects  of 
nonionic  surfsetant  on  the  viscosity  of  C12-1  copolymer 
solution  are  shown  in  Figure  8.  Contrary  to  behavior  in 
SDS, addition  ofTritonX-lOOtoR-Cl2-lsoluti0ns  results 
in  no  observable  change  in  the  reduced  viscosity.  The 


Figafe?.  SurfsoetenoQiinMasaieinntsofTiiton  X-100  in  the 
I»es«ioe  and  absoioe  of  R-C12-1  ct^ymer  (C,  ~  0.S3  g/dL). 


Figure  8.  snd  /i/is  as  a  function  of  Triton  X-100  concen¬ 
tration  for  Rd2-1  copolymer  at  concentration  of  0.33  g/DL 
(C,^  =  10^  M). 

hydrodynamic  size  of  the  polymer  oil  remains  nearly 
constant  (do  "*  77-79 nm)  over  a  range  of  added  surfactant 
conoentr8tioinfrQm0.2toOAmM.  However,/|//sdecreases 
with  increasing  surfactantconcentntion,  passing  throu^ 
a  minimum  and  then  increasing  (Figure  8).  The  surfactant 
concentration  at  whidi  I  Jit  shows  the  lowest  value  is  very 
dose  to  Cf.  The  initial  decrease  in  IJIt  is  due  to  the 
formation  of  hydrophobic  xnicrodtmiains  throu^  associa¬ 
tion  betweensurfsetant  molecules  aiklfaydzqiihidncgroupe 
of  the  cc^lymer.  It  is  necessary  to  emphasize  ^t  the 
decrease  in  IJIt  does  not  result  from  adsorption  of 
surfactant  to  the  pyrene  molecoles  since  the  surfiMtant 
solution  in  the  aberaoe  of  the  copolymer  at  the  cmc  shows 
amuchhi|lierJ]//3ofl.44.  Whra  the  limit  of  adsorption 
of  the  suxfimtant  i^ecules  onto  the  potymet  is  resided, 
further  increase  in  surfsetant  concentration  will  result  in 
the  formation  of  nwmal  surfrmtant  micelles,  ^pamt 
/i//s  values  in  sudi  a  tystem  depend  on  the  partitioning 
of  pyrene  mdecules  into  two  hydropholnc  regions.  By 
knowing  the  cmc  of  Triton  X-100  in  the  system  to  be  0^ 
mMandtbeCiof8.2  X  l(HmM,tiienumbwofsurfsieiant 
mdecules  around  eadi  DAMAB  unit »  calculated  to  be 
~8.  SinoetherearenointeracticosbetweenhydboplidMe 
in  the  abeence  of  surfactant,  condenaatiooofthesurfactant 
onto  the  R-C12-1  polymer  does  not  alter  the  pdyii^ 
confarmation,  and  the  visooeity  d  the  potymer  sdutkai 
is  essentialty  invariant  throughout  the  surfactant  otm- 
centration  range. 

The  effect  of  a  nonimiic  surfactant  on  the  viscosity  of 
the  potymersdution  with  higher  hydrofliobicoontent  was 
invest^ted  using  the  micToblocky  copdjmier  B-C12-4J 
(Figures).  The  polymer  diows  a  bi{^  viscosity  in  the 
presence  of  0.264  mM  Triton  X-100  rimn  in  the  absence 
of  the  surfactant  Apparently,  this  surfactant  promotes 
intermolecular  assodations. 

Cationic  Surfactant  Surface  Tension.  No  definite 
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Ficon  9.  Vucoaity  behavior  of  B-C12-4^o(^x4yB»rio  0.264 
mM  Triton  X-100  equeoue  lolutMm  and  in  deionized  water. 


ngonlL  Effect  of  NaBr  concentration  on  the  eoifaoetMMion 
of  R-C12-1  and  R-C12-6.1  aolutioaa  (C,  >  OJS  g/^). 


FIcunlO.  Surfioe  tension  behavior  of  TTAB  in  the  preaence 
«£  R-C12-1  and  R-C12-6.1  oopolymen  (Cp  «  0.33  c/dD* 

crossover  is  observed  for  the  R-Cl2-l/triinethyltetra* 
de^lammonium  bromide  (TTAB)  mixture  (Figure  10). 
However,  the  system  shows  much  more  pronounced  surface 
activity  at  very  low  surfactant  concentrations,  and  the 
curve  levels  off  below  the  cmc.  Apparently,  hydrophobic 
interaction  overcomes  ionic  repulsion  between  the 
DAMAB  moiety  and  the  TTAB  surfactant  molecules, 
resulting  in  the  formation  of  a  surfaceHwttve  cmnplez. 
The  polymer/surfactant  association  is  also  observed  in 
the  R-C12-5.1/TTAB  system.  In  this  case,  however,  the 
complex  is  less  surface^ctive  as  compared  with  R-C12- 
1/TTAB.  This  may  be  eiqrlained  by  the  coUepsed  con¬ 
formation  of  R-<712-6.1  upon  addition  of  TTAB  as 
discussed  below.  The  dramatic  decrease  in  the  surface 
tension  in  both  R-C12-1  and  R-C12-^l  solutions  around 
the  cmc  of  the  surfactant  is  not  due  to  the  ezdudon  <tf  the 
ccpdymets  from  sdutions  to  the  air-liquid  interface  as 
a  result  of  increased  ionic  strength.  This  is  verified  by 
<mly  a  slq^  decrease  in  surface  tensions  in  both  aystems 
withincreasingNaBroonoentration  (Figure  11).  Addhkn 
oi  TTAB  to  microblociQr  copolymer  ^utions  (B-C12- 
4.3,  B-C12-4.7,  and  B-C12-10.S)  results  in  p<dymer 
precipitation,  probabbr  due  to  a  “salting-out”  effect** 

Viscosity  and  Fluorescence  Studies.  Addition  of 
TTAB  does  not  diange  the  rheological  properties  of  the 
R-C12-1  copolymer.  However,  a  significant  decrease  in 
VHcosity  isobserved  when  TTAB  is  mLced  with  theR-Cl2- 
3.1  cqimlymer  (Figure  12).  In  this  case,  TTAB  acts  as  a 
cosurCsctant  assodating  with  the  polder  ooQs  which 
become  much  mote  compact  The  hydrophobic  effect  is 
apparently  too  strong  in  this  system  for  the  polymer  coil 
to  expancb  the  reduced  viscosity  remains  essentially 
unchanged  upon  dilution.  In  other  words,  the  copolymer 
behaves  like  a  highly  collapsed  coiL 
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Figure  12.  <s  •  function  of  polymer  concentration  in  the 
presence  and  absence  of  TTAB. 


Conclusions 

Effects  ofsmaOsurfactants  on  the  rheological  properties 
of  the  copolymers  depend  on  the  type  of  surfactant  and 
the  nature  of  the  hydrophobic  association  Ontermolecular 
vs  intramolecular).  Addition  of  SDS  re^ts  in  a  sli^t 
decrease  in  the  solution  viacosityof  R-C12-1  atsurfactant 
concentration  below  the  cmc  and  then  a  rapid  increase  at 
the  cma  The  curve  readies  a  plateau  at  18  mM  SDS. 
This  viscositybebavior  can  be  explained  by  the  association 
of  SDS  around  eachhydrophobic  group  akmg  the  pdymer 
chain  to  form  mbmd  micelles  a^  subsequent  pob^er 
chain  extenuon  due  to  the  ionic  tepulskm  between  the 
mixed  micelles.  Ihecrqiolyznerswitiihigberhydrophduc 
content  prediritate  from  the  sdutioo  in  the  presoice  of 
SDS.  In  contrast,  no  significant  viscoailycfaaiige  has  been 
observed  vdicii  ^  nonionic  surfactant  is  idded  to  a 
solutkm  of  R-Gi2-1  althouih  the  surface  tenuon  mea- 
surementsandflnocesoesioestodiesindicatetfaatassoci- 
atkm  of  smfactant  with  the  copolymer  does  occur.  An 
initial  dectese  and  then  an  increase  in  the /i//s  value  can 
be  explained  by  the  partitioning  of  pyrene  molecules 

h»tuw^th»liflwwMni<vJla«rtfTritnin'y.1ftn«writh*iniT«d 

micdles  formed  by  hydrophobic  groiqw  of  the  oqiolymer 
and  TViton  X-100.  Addition  of  nonionic  surfactant  to  the 
SB-C12-4.3  solutions  results  in  a  large  increase  in  the 
viscodty.  InthecsseofTTABcatioiiicsuifactant,R-Cl2- 
5.1  exhibits  a  cdlspsed  conformatiai  idiile  the  visoodty 
of  R-C12^1  is  hardly  affected.  However,  R-C12-1  forms 
a  more  surface-active  complex  with  CTAB  than  does 
R-C12-5.L  Macrophaae  separation  occurs  for  the  mi- 
croblocky  o(4>dymer  sdutions  in  the  presence  of  this 
cationic  surfactant 
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ABSTRACT:  A  series  of  amphiphilic  terpolymers  were  prepared  by  sequentially  copolymeriring  maleic 
anhydride  and  ethyl  vinyl  ether,  adding  octyl-,  dodecyl-,  or  naphth^amine,  a^  then  hydrolyzing  the  remaining 
anlqidrideunita.  Viacosi^  stakhes  indicate  that  these  smphiphi^  systems  form  infaamolectilar  asaodations 
in  dUute  and  semidilute  adutiona  at  various  values  of  pH  and  ionic  strength.  The  dodec^  terpolymeis  show 
mate  pronounced  hydrophd>ic  associations  than  do  the  octyl  analogs.  Change  in  solution  pH  or  addition 
of  NaCl  lowers  significantly  the  viscosity  of  the  polymer  solutions,  indicating  more  collapsed  conformaticms. 
Fluorescence  lifetimes  increase  with  increasing  hydrophobe  content  The  lifetime  of  the  monomer  emission 
decreases  with  increasing  pH,  demonstrating  a  more  hydrated  environment  experienced  hy  the  probe  within 
the  polymer  coil  /b//m  ^ues  of  the  terpolymers  with  low  hydrophobe  content  decrease  with  increasing  pH 
from  3  to  10  adifle  the  terpolymers  with  moderate  hydrophobe  content  exhibit  a  maximum  Im/Iu  >»  the  same 
pHrange.  Systems  with  high  hydn^hobe  content  ^ow  little  pH  dependence.  These  results  are  interpreted 
in  terms  of  the  relative  concentration  of  the  chromophore  in  the  hydn^hobic  domains  as  well  as  the  diange 
in  the  mobility  of  the  naphthyl  labels. 


Introd'iction 

Intramolecular  associative  polymers,  also  called  poly¬ 
meric  micella  or  ^pclysoaps”  due  to  their  surfactant 
properties,  were  fimt  studied  as  models  to  mimic  the 
conformational  behavior  of  r^roteins.  Strauss  and  co- 
workers**^  demonstrated  the  formation  of  intramolecular 
micelles  using  the  random  copolymers  of  N-ethyl-4- 
vinylpyridinium  bromide  and  N-dodecyl-d-vinylpyridin- 
ium  bromide.  The  intrinsic  viscosity  decreased  dramati¬ 
cally  with  increasing  dodecyl  group  content  and  reached 
a  minimum  value  of  0.04  dL/g  at  a  hydrophobe  content 
of28.5mol%.  Thisvalueisof&esameorderofmagnitude 
as  that  observed  for  globular  proteins,  indicating  a  highly 
collapsed  conformation.  Tlie  transition  from  extendi  to 
compact  coils  was  reported  to  occur  atacriticalhydrophobe 
concentration  of  ~11  mol  %.  The  Huggins  constant 
exhibited  an  almost  25-fold  increase  as  the  dodecyl  group 
content  was  changed  from  0  to  37  mol  %,  verifying 
increased  compaction  of  the  polymer  coQs  in  aqueous 
media. 

Loucheux  et  aL’  studied  the  solution  properties  of  poly- 
(4-vinylpyridine)  modified  with  alkyl  bromides  utilizing 
visoometry and  NMR techniques.  Iheirdatashowedthat 
a  conformational  transition  occured  only  when  the  alkyl 
groups  contained  more  than  eight  carbon  atoms.  The 
critical  hydrophobe  concentration  shifted  to  lower  value 
with  increasing  aU^l  group  length. 

Another  widely  studied  associative  polymer  is  based  on 
liydrolyzed  alternating  copolymers  of  maleic  anhydride 
andn-alkylvinylethers.  These  cop<dymers  with  moderate 
concentration  of  dli^l  side  chains  (alkyl  -  butyl,  pentyl, 
hexyl,  octyl)  in  aqueous  solutions  undergo  conformational 
transitions  from  hypercoil  to  random  coU  as  the  degree  of 
ionization  is  increased.^*^  Hie  transition,  however,  is 
shifted  to  a  higher  value  of  ionization  with  increasing  alkyl 
group  size.^  The  conformation  of  the  copolymers  with 
longer  hydrophobic  chains  (alkyl  -  decyl,  cetyl)  is  es¬ 
sentially  independent  of  the  degree  of  ionization  since  these 
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copolymers  remain  in  a  collapsed  conformation  at  all  values 
of  pH.»3-»5 

A  series  of  studies  have  been  conducted  in  our  labo¬ 
ratories  to  further  investigate  thenature  of  intramolecular 
associations  (rf^various  amphiphilic  water-soluble  polymers. 
Clark  et  aL*‘  demonstrated  the  pH  dependence  of  the  ebain 
associations  in  a  20:80  mol  %  copolymer  of  2-(l-naph- 
thylacetyDethyl  acrylate  (NASA)  and  methacrylic  add 
(MAA).  The  copolymer  adopts  a  highly  cdlapeed  con¬ 
formation  at  low  pH  due  to  the  hydrophobic  interactions 
of  both  meth>i  and  naphthyl  groups.  At  high  pH,  the 
copolymer  remains  in  a  micelle-like  conformation  with 
the  naphth^  groups  forming  a  hydrophobic  core  sur¬ 
rounded  by  a  dlarg^  shell  of  methacrylic  add  units.  Such 
a  conformatkm  is  attributed  to  the  presence  of  a  large 
quantity  of  the  naphthyl  groups  in  the  copolymer  and  the 
relatively  long  spacer  between  the  naphthyl  groups  and 
the  polymer  badrbone. 

In  this  paper,  we  report  the  synthesis  and  solution 
properties  d  o^lymers  of  maleic  anhydride  and  ethyl 
vinyl  ether  reacted  with  controlled  amounts  of  octyl-  and 
dodecylamine.  A  snudl  concentration  (~1  mol  %)  of 
naphthalene  labels  with  Irnog  spacer  groups  is  incorporated 
Hydrotysisoftbe  remaining  anhydride  grovq»  yields  water- 
soluble  terpolymers  with  degrees  of  amidation  ranging 
from  8  to  M  mol  %.  Key  features  of  this  study  indude 
variation  in  hydrophobe  length  and  content,  maintenance 
of  a  small  quantity  of  naph^^  groaps  to  avoid  perturb- 
tion  of  the  parent  copolymers,  and  the  presence  of 
comparatively  large  hydrophobes  relative  to  the  naphthyl 
label  These  terpolymers  provide  useful  models  for 
eluddating  the  nature  of  hydrophobic  associations  in 
systems  having  a  random  distribution  of  the  hydrophobic 
groups.  Chaises  in  polymer  conformation  upon  altering 
the  concentration  and  length  of  the  hydrophobic  groups 
as  well  as  the  solution  pH  and  ionic  strength  are  examined 
by  viscosity  and  fluorescence  studies. 

Experimental  Section 

Materials.  Chemicals  were  obtained  from  Aldrich  Chemical 
Co.  and  used  as  received.  Benzene  was  dried  over  CaHj  and 
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Schama  1.  Syathaaii  of 
l-(((7-AiBiaohaptyl)oxy)Biathyl)naphthalana  (3) 

HOCCHg^W  HOCCH^j^ONa 


HCXCHglgONa  + 


CH^SOjCt 

NEtyEUar 


C»20(CH2V>-i-CH3 
@6  ” 


NaCN 

DMSO,  T^C 


distiUedundernitiogenpriortouse.  Other aolvanta wen taagent 
sradaandusedwithoutfurtherpuiificatkm.  Water wasdaionked 
to  a  conductaoce  of  1  x  mho/cm. 

Syntheaia  of  NaphthalenoOiataiiiiiiS  Flaoraaoeace  La* 
bal  3  (Scheme  1).  l*(((6*Hydroa3rhazyl)ozy)mathyl)Baph* 
thaUiiMi  (1).  1,6-Hexanediol  (100.0  g,  0.846  m<^  waa  phtfed  in 
a  l(XX>-iaL  nund-hottomed  flask  equipped  with  a  mechanical 
stirrer  and  heated  to  melt  at  55  *C.  Swlium  hydride  (4.06  g, 
0.169  mot)  waa  added,  and  the  mixture  was  stitikl  at  70  *C  for 
4huntilaUNaHreMt^  A  precipitate  waa  formed  immediately 
upon  addition  of  (chloromeUtyDnaphthalene  (30.0  g,  0.169  mol). 
Tlte  mixture  was  stirred  vigorously  at  80  *C  for  3  h.  Thin*layer 
chnnoatography  (TL(^  indicated  that  moat  of  the  (chhxomethyl)* 
n^hthaiene  h«l  been  reacted.  The  reaction  was  allowed  to 
proceed  for  another  3  h.  Excess  hexanediol  was  then  removed 
at  106  *C/0.5  mmHg.  The  residue  was  diluted  with  150  mL  of 
acetone,  and  the  precipitate  was  filtered.  The  concentrated 
filtrate  was  distilled  under  reduced  pressure  to  yield  a  ndorless 
oik  bp  166.5 *C at 0.5 mmHg, yield 41  g (94%).  GCputiQrwas 
determined  to  be  >99.9%.  >H  NMR  (CDCli)  i  122-L70  (m,  8 
H).  2.01  (s.  1 H),  a47-3.55  (2 1. 2  H),  4.91  (s,  2  H).  7.39-8.15  (m. 
7  H);  »C  NMR  (CDCU)  S  25.5, 25.9, 29.7, 32.6, 62.6, 70.3, 71.4, 
124.0, 125.1, 125.7.126.0, 1262, 128.5(2),131.7.133.7,1332;FTIR 
3383  (C-H).  1597, 1510, 1460  (aromatic  C-C  stretch),  1099  (C- 
0-0, 794. 775  (aromatic  C-H  bend)  cm*'. 

l*(((6-Cyanohexyl)oxy)mcthyl)naphthalenc<2).  A  mod¬ 
ified  Uterature  procedure*^  was  uskl  in  the  preparation  of  2. 
Methanfaulfongddiloride(28.6g,  0250  md)  was  added  dropwiae 
at  8-16  *C  to  a  atdutkm  of  l-(((6-hydtoxyhwqd)cxy)methyl>- 
naphthalene  (51.7 g, 0.200 mol)  and  trimethylaniine(30.4g,0.^ 
moDinlSOmLofetiter.  Aliteradditi<»wasoomplete,theouxture 
was  stirred  at  room  temperature  for  1  h.  The  precipitate  was 
filtered  and  washed  twice  with  50  mL  anhydrous  ether.  A 
light  yellow  oil  was  obtained  from  the  filtrate  upon  removal  of 
the  BohrenL  >H  NMR  (CDCh)  i  129-1.73  (m.  8  H),  Z90  (s,  3  H). 
3.52  (t,  2  H).  4.13  (t.  2  H).  4.91  (a,  2  H).  726-8.12  (m,  7  H);  “C 
NMR325.1.25.6. 29.0, 29.5,37.0.70.1(2), 71.3, 124.0, 1252, 125.7, 
126.0, 126.3, 1282(2),  131.7, 133.7, 134.0. 

The  ofl  was  heated  at  75  *C  with  sodium  C3Wde  (152  g,  02(X> 
mol)  in 200 mL  anhydrous  DMSO  for  32  h  in  a  500-mL  round- 
bottomedflask.  TlCconfirmedthedisiq>pearance<tfthestarting 
compound.  The  solution  was  cooled  and  poured  into  800  mL  of 
water.  Hie  product  was  extracted  with  200  mL  of  methylene 
chloride  three  times.  The  organic  extracts  were  combined  and 
dried  wiUi  MgS04.  A  dark  red  oil  was  obtained  upon  removal 
of  the  solvent.  Vacuum  distillation  yielded  a  slighUy  yellow  oik 
tq>  186-188*Cat02mmHg,yield49.7g(93%).  >HNMR(CnX)lj) 
6  1.20-1.66  (m.  8  H).  2.11  (t,  2  H).  3.46  (t,  2  H),  427  (a,  2  H), 
7.32-8.11  (m.  7  H);  «C  NMR  (0X3*)  S  16.8, 25.2, 25.3, 252, 28.2, 
29  3. 69.9. 71.4. 124.0, 125.2, 126.7, 126.0, 126.3, 1235(2),  131.7, 


SeheawL  Synthesis  of  Naphthatona  Oontaiaing  iiedd 
Compound  4 


1337. 1339;  FTIR  2246  (OwN),  1607. 1510;  1462  (aromaficCM: 
stret^,  lora  (OC-Q,  801, 777  (aromatic  O-H  bend)  crn^. 

l(((7-AmiBoheptyl)oxy)me4hyl)naphthaleBe(S).  LiAlH* 
(0.789  g,  0.0196  nwD  in  40  niL  of  anhydrmis  ether  waa  placed  in 
alOOmL  flask  equipped  withathermiMneter.an  addition  funnel, 
and  a  magnetic  stiiTiag  bar.  When  the  mixture  was  coded  to  0 
*C,  l-(((6-cyand>e:qd)oxy)meth]d)n^hthalene  (300  g,  30187 
mol)  m  5  mli  of  ether  waa  added  aloi^  at  such  a  rate  that  the 
tenqwrature  did  not  exceed  5  *C.  After  addition  was  complete, 
ImLofwaterwasaddedsIosdyfChution:  veryvigorousieaeticm), 
followed  by  lmLof20%  NaOH  solution  and  an  additional  3  mL 
dwater.  TTie  ether  layer  was  decanted  frtan  the  ediite,  granular 
inorganic  reudue.  TMs  residue  was  eraahed  once  with  ^mL  of 
ether.  The  Mganic  solution  was  dried  with  Na^SO*.  Removal 
&t  ether  yi^ed  a  alij^tly  yellow  mL  GC  indicated  that  the 
product  contained  ~6%  of  HffO-hydrm^faei^loqrlmetlqd)- 
naphthalene  (1).  To  remove  unrencted  akdiol.  ^  oQ  was 
dimolved  in  10  mL  of  ether,  and  20  mL  of  1 M  HQ  ether  solution 
wasadded.  Theammwnhnn salt waspreciiatatedaaan off-white 
solid  which  waa  filtered,  washed  with  ether,  and  dried  under 
vacuum.  Reoystalltsation  in  acetone  gave  pure  white  crystals 
TbesolidwaBdiasolved  in  watar.andthesohii^  pH  was  adjusted 
to~13  The  free  amine  was  extracted  with  ethm.  Theotganie 
phase  was  dried  with  NsiSO*.  and  the  solvent  was  removed  to 
yieldasIqdrUyy^o^'oil^  yield 368 g (73%).  HPLCpuritywas 
determined  to  be  >992%.  >H  NMR  (CDCW  5  123  (b,  2  H). 
1.19-1.70  (m.  10  H),  362  (t,  2  H).  352  ft,  2  H).  422  (a,  2  H) 
724-316 (m,  7  H);  »C  NMR  ((nX3a)  < 239, 262, 262, 292, 237, 
332, 422, 702, 71.4, 124.1, 125.1, 1237, 1230, 1262, 1282(2), 
1312, 1337, 134.1;  FTIR  3374,  3300  (N-H).  1597, 1513  1464 
(aromatic  stretdi),  1101  (C-O-Q,  793  777  (aromatic  C-H 
bend)  cnrK 

Snednie  Add  JV’[7-(l-Naphthyliaethoxy)heptyl]  Mono- 
amide  (4).  The  ayntbe^  of  nsphthalene-labded  moM  com¬ 
pound  4  is  ilhistrated  in  Scheme  3  l-(((7-Aminobqi^d)oxy>- 
metfayOnaphthalene  (S)  (L00g,369nuno0  in  lOmLof anhydrous 
DMF  was  placed  in  a  2^mL  flask  equif^ped  with  a  condenser, 
anadditionfunDd,andaNtinletaxidouttk.  Suoeinieanhydride 
(0280  g,  820  mmd)  in  5  mL  of  DMF  was  added  at  0  *C  with 
atirriag.  Hw  reactiem  wm  conducted  at  room  tenqierature  for 
30  min  and  at  65  *C  for  an  additional  30  min.  TLC  confirm^ 
disappearance  d  the  amine.  The  product  was  precqntated  in 
water.  The  li^t  yellow  solid  was  filtered,  wmM  with  10  mL 
d  water,  msd  dried  under  vacuum:  yidd  1.19  g  (87%).  The 
product  was  recryatallized  in  ethyl  acetate  to  yidd  a  pale  yellow 
solxk  mp78-792*C.  >H NMR ((HX^i) <  1-10-124 (m.  10 H). 
229  (t,  2  H),  359  (d.  2  H),  309  (d.  2  H).  351  (t,  2  H).  420  (a,  2 
H),  343  (b,  1  H),  721-319  (m,  7  H),  10.07  (b,  1 H);  NMR 
(C3X:it)  6  230, 237, 282, 29.1, 292. 30.0, 30.7, 39.7, 734. 712, 
1242, 1252, 1237.1231.1234. 1235(2). 131.7,1337,1332,1733 
1731;  FTIR  (KBr)  3460-2370  (O-H),  3319  (N-H),  1696  (add 
Od)),  1643  (amide  0-0),  1696  (aromatic  C-C  stretdi),  1537 
(amide  II  band),  1120  (C-O-C),  797, 767,  (artmiatic  C-H  bend) 
cm"*. 

Syntbeds  of  the  Sodium  Salt  of  Hydrophobically  Modi¬ 
fied  Malde  Anhydride  and  Ethyl  Vi^l  Ekher  Copolymers 
7(Schmne3).  Copolymerization  of  Mdeic  Anhydride  (MA) 
with  Ethyl  Vinyl  ^her  (EVE).  Mdeic  anhydride  (10.77  gi 
0.110  mol)  and  benzcqrl  peroxide  (0.0451  g,  126  X 10"*  nid)  were 
dissolved  in  100  mL  of  benzene  in  a  250-inL  three-neck  round- 
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bottomed  flask  equipped  with  a  magnetic  Stirring  bar.  Theflask 
was  sealed  and  fltt^  with  a  thermometer,  a  condenser,  a  long 
gas  delivery  needle,  and  a  short  needle  on  the  top  of  the  condenser 
to  serve  as  a  gas  escape  valve.  Dry,  oxygen-free  nitrogen  was 
purged  through  the  fli^  for  45  mip.  The  short  needle  was  then 
removed  and  ethyl  vinyl  ether  (9.11  g,  0.121  mol)  was  injected 
into  the  solution.  Ilw  system  was  heated  at  59-61  *C  for  8  h, 
resulting  ina  white  precipitate  which  was  filtered  and  dried  under 
vacuum.  Copolymer  5  was  purified  by  repeated  precipitation  in 
dry  diethyl  ether.  Hie  polymer  was  filtered  and  dried  under 
vacuum. 

Synthesis  ef  Naphthalene-Labeled,  Hydrophobically 
Modified  Maleic  Anhydride  and  Ethyl  Vinyl  Ether  Ter- 
polymersO.  Syntheus  of  naphthalene-labelled  MA/EVE  ter- 
polymer  containing  20  mol  %  of  oct^  groups  is  described  below. 
Other  terpolymers  wen  prepared  by  the  same  procedure  with 
differing  amounts  of  alk^amines  in  the  feed.  l-(((7-Aminohep- 
tyl)oxy)methyl)naphthdene  (0.162  g,  629  X  10^  mol)  (3)  and 
octylunine  (1.^  g.  1.20  X  10^  mol)  were  added  dnqjiwise  to  a 
rapidly  stirr^  solution  of  poly(maleic  anhydride-aft-ethyl  vinyl 
ether)  (10.2  g,  5.99  X 19*  mol)  (5)  in  100 of  ethyl  acetate  at 
room  temperature  under  nitrogen.  The  reaction  was  allowed  to 
proceed  at  60  *C  for  10  h.  The  polymer  was  then  predpitated 
into  300  mL  of  diethyl  ether.  Ihe  precipitate  was  stirred  with 
200 mL  of  diethyl  ethn  overnight,  filtered,  and  then  dried  under 
vacuum. 

Hydrolysia  of  Hydrophobically  Modified  Maleic  Anhy¬ 
dride  and  Ethyl  Vinyl  Ether  Copolymers.  The  hydrolysis  of 
the  terpolyiners  6  was  performed  in  aqueous  NsOH  solutioiL  A 
dilute  NaOH  solution  oontdning  an  appropriate  amount  of  dry 
polymer  was  placed  on  an  orbi^  «ti<ilrVr  at  room  temperature 
to  facilitate  ^  hydrolysis  of  the  anhydride  groups.  After 
complete  dissolution,  the  solution  was  diobneed  for  Iweek  against 
water  at  room  temperature  to  remove  low  molecular  weight 
oligomers  and  ezcessNaOHuaingdiab^tubingwithamoiecuJar 
weightcutoffoll2000-14000.  The  final  products  were  obtained 
by  fireeze-drying. 

Characterization.  Naphthalene  Derivatives.  *Hand**C 
NMR  spectra  were  recorded  using  a  Broker  AC-200.  AMattson 
2020  Galsuor  Series  FTIR  was  u^  to  obtain  infrared  qiectra. 
GC  analysis  was  perfmmed  on  a  Hewlett-Packard  5890  Series  11 
gas  chromatograph  equipped  with  an  Alltech  AT-5  capillary 
colunm.  A  Hewlett-Pack^  Model  1050  HPLC  was  u^  to 
determine  the  purity  of  solid  samples.  A  Waters  Bondapak  CIS 
column  was  employ^  with  methuol  as  the  mobile  phare.  The 
sample  eluant  was  typically  monitored  at  280  tun. 
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Ttopofamier  Solotiop  Preparation.  The  appropriate  amount 
of  dried  terpolynier  7  was  swighed  and  thmi  dissrdved  in  water 
in  a  volumetric  flask  from  sdiicb  further  dihitjon#  of  this  tt^V 
solution  could  be  made.  The  solutions  were  allowed  to  stand  for 
2  weeks  prkn  to  visooaity  measurement  The  pH  value  each 
solution  was  obtained  with  a  Corning  130  pH  meter  at  room 
temperature. 

UV  Analysis.  Ultraviolet  spectroscopy  was  used  in  deter¬ 
mining  the  naphthalene  content  in  the  te^lymers.  Allspectra 
were  recorded  with  a  Hewlett-Packard  8452A  diode  array 
spectrophotometer.  Beer-Lambert  plots  were  obtained  fot  the 
model  compound,  the  sodium  salt  of  succinic  add  N-[7-(l- 
naphthyimethoxylliep^]  monoamide  (4)  in  water,  and  comport 
with  polymer  absorption. 

Fluorescence  Analysis.  The  concentrati<H»  of  terpdymer 
solutionswere0.0SgfdL.  The  concentratimi  of  naphthyl  moieties 
in  these  solutions  varied  from  2.5x10-*  to  3.0  X10-*M.  Sample 
solutions  were  purged  by  bubbling  with  heliunL  AUthesonqiles 
were  exdted  at 280 run,  and  monomer  intensities  were  measued 
at330mit.  Emission  spectra  of  the  terpolymera  were  recorded 
with  a  SpezFluorolog-2  fluorescence  apedrometer.  Fluorescence 
decays  were  measured  with  a  Photochemical  Research  Associates 
(PRA)  single-photon-counting  instrument  equipped  with  a  Hr 
filled  510-B  flashlamp.  A  nonlinear  iterative  deconvolution 
technique  was  used  to  fit  the  decay  curves. 

Low-Angle  Laser  Light  Scattering.  Classical  light  scat¬ 
tering  studies  were  performed  with  a  Cbromatix  KMX-6  low- 
angle  laser  light  scattering  spectrophotometer  with  a  2-mW  He- 
Ne  laser  operating  at  633  nm.  Refractive  index  increments  (dn/ 
de)  were  obtain^  uamg  a  Chromatix  KMX-16  differential 
refractometer.  The  molecular  weight  of  hydrolyzed  poly(maleic 
anhydride-olt-cthyl  vinyl  ether)  was  measur^  in  1  M  NaCl 
solution. 

Viscometry.  Viscosity  measurements  were  conducted  with 
a  Contraves  LS-30  low-sh^  rheometer  at  a  constant  shear  rate 
of  1.28  s*'  at  25  *C.  A  constant  pH  of  9-9.5  was  used  during  the 
measurement,  unless  otherwise  noted. 

Results  and  Discussion 

One  synthetic  objective  of  this  work  was  to  prepare 
amphipl^c  water-soluble  polymers  with  controlled  place¬ 
ment  of  fluorescence  labels.  The  random  incorporation 
of  the  labels  was  achieved  by  first  synthesizing  the 
functionalized  naphthalene  derivative  shown  in  Scheme 
1.  The  synthesis  of  l-(((7-aminoheptyl)ozy)methyl)- 
naphtbalene  (3)  proved  to  1^  facile  with  satMactory  yields 
The  spacer  length  (in  this  case  heptyl)  can  be  altered  to 
decouple  the  naphthalene  from  the  polymer  backbone.  A 
model  ccxnpound,  succinic  add  A/’-[7-(l-naphthylmethoity)- 
heptyllmonoamide  (4)  (Scheme  2),  was  designed  for 
fluorescence  studies.  The  sodium  sdt  form  is  soluble  in 
aqueous  media. 

Terpolynier  Sjrnthesis  and  Characterization.  Hy- 
drophobicaUy  modified  MA/EVE  terpolymers  7  were 
prepared  utilizing  the  synthetic  proc^ures  shown  in 
SdmmeS.  Terpolymers  are  designated  by  the  number  7 
followed  by  (^  or  C12,  designating  octyl  or  dodecyl 
substitution.  The  final  number  represents  the  mole 
percent  incorporation.  Initially,  MA/EVE  copolymer  5 
wasprepar^inbenzene.  Characteristic  of  this  free-radical 
copolymerization  is  virtually  complete  alternation  wiA 
little  tendency  of  either  monomer  to  homopolymerize.** 
The  Mw  of  the  copolymer  obtained  by  light  scattering  in 
this  study  was  2.4  X 10^  g/moL  The  ^*C  NMR  spectrum 
of  .the  MA/EVE  copolymer  is  shown  in  Figure  1. 

Initial  attempts  to  induce  the  reaction  of  the  MA/EVE 
copolymer  S  with  alkylamines  and  naphthalene  label  3 
were  performed  in  methyl  ethyl  ketone  (MEK).  The  color 
of  the  products  varied  from  pink  to  purple  as  the  degree 
of  incorporation  of  the  hydrophobic  groups  increased  from 
8  to  50  mol  %. 
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Figure  1.  NMR  spectrum  of  MA/EVE  copolymer  5. 
Solvent:  acetone-d*. 


Scheme  4.  Model  Reaction  of  Saecinie  Anhydride  and 
Dodecylamlne 
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To  ascertain  the  possibility  of  charge-transfer  com- 
plexation  between  the  amine  and  anhydride  functionahty 
of  the  MA/EVE  copolymer  5,  we  examined  some  model 
reactions.  Reaction  of  suodnic  anhydride  (SA)  (8)  with 
dodecylamine  (9)  yielded  the  corresponding  amide  10 
(Scheme  4)  identified  by  NMR  and  FTIR  However,  the 
solution  of  succinic  anhydride  and  dimethyldodecylamine 
(DMDA)  in  ^EK  exhibited  a  color  change  from  pink  to 
brown  at  room  temperature  with  increasing  reagent 
concentration.  It  is  known  that  pyridine  can  promote  the 
hydro^is  of  the  anhydride  gnHq>lvf<»min8azmtterioiuc 
intermediate.**^  Kluger  and  Hunt**  detected  the  for¬ 
mation  of  8uccinyl-4-(dimethylamino)pyridinium  itm  in 
the  reaction  of  sucdnicanhydride  with  ^(dimethjdamino)- 
pyridine.  It  is  Ukely  that  the  color  change  in  the  suodnic 
a^ydride/dimethyldodecylamine  solution  is  due  to  the 
formation  of  an  analogous  zwitterion.  We  also  observed 
a  similiiT  color  chsnge  for  the  reaction  the  oc^iolymer 
5  with  dimeriiyldodecylaniine. 

ITV  spectra  of  the  solutions  of  SA/DMDA  and  the 
products  from  the  reactioxis  of  .the  MA/EVE  copolymer 
5  with  primary  and  tertiary  amines  exhibit  the  same 
absorption  maximum  at 556 nm  (Figure  2),  suggesting  the 
presence  of  similar  zwitterionic  spedes  in  these  three 
systems.  Theabsorptionintensityofthetertiaiysolution 
is  stronger  for  the  same  feed  ratio  of  amine  to  add 
anhydride.  This  observation  may  be  explained  by  partial 
dode^lamine  conversion  to  the  amide.  This  is  consistent 
with  the  increase  in  intenuties  of  the  absorption  at  562 
nmfordodecylamine-modifiedteipol^ersT  asthedegree 
of  amidation  varies  from  8  to  50  mol  %  (Figure  3). 

Reactions  of  the  MA/EVE  copolymer  6  with  octyl-  and 
dodecylamine  in  ethyl  acetate  exhibit  no  color  changes, 
and  **C  NMR  studies  demonstrate  that  the  products  are 
the  expected  amide  and  carbotylic  add  derivatives  (Figure 
4).  In  this  solvent,  homogeneous  ccmditions  should  sRow 


Flgnte  2.  UV  ahserbeace  of  S/DMDA  (a,  0.0086  g/mL),  SA/ 
DMDA  (b,  0i086  g/mL),  and  S/dodacgdamina  ic,  OMS  g/vdd 
obtunediaMEK.  Note  that  aDthieaaamplaa  evhfliit  abaorptioa 
maxima  at  566  nm. 


Figure  8.  UV  ahaorfaance  of  7-C12  teipobnnen  obtained  in 
MEK.  Sample  concentration:  0.036  g/mL.  (a)  7-C12-60;  (b) 
7-C12-40;  (c)  7-C12-25;  (d>  7-C12-16;  (e)  7-C12-8. 


Figure  4.  **C  NMR  spectrum  of  7-C12-40  terpolymer.  Sd- 
vent:  D^. 

uniform,  randtnn  incorp<»ration  of  the  Itydn^hobic  groiqw 
along  the  polymer  diain.  The  hydroplwbe  concentration 
in  the  terpolymers  can  be  easily  ctmtndled  by  ^  amount 
of  the  amine  added  to  the  reactitm.  To  ensure  omnplBte 
conversion,  the  reactions  were  carried  out  at  80  *C  for  10 
h.  Itha8b^shownthat4-butyianilinereactse£BdentIy 
(100%)  with  the  maleic  anhydride  and  ethyl  vin]d  ether 
copolymer  under  the  same  reaction  conditions.**  Since 
the  octyl-  and  dodeeylamines  used  in  this  study  are  more 
reactive  toward  the  anlqrdride  group  than  aromaticamines, 
we  feel  confident  that  a  complete  reaction  is  also  achieved. 
Thisissupported  by  the  fact  that  the  naphthalene  content 
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in  th«  terpc^men  is  the  Mine  as  in  tlw  nactkm  mixtuie, 
aboutli]^%.  ThaoomiwsttKMisitftlieterpolyiiitfsaie 
summarized  in  Table  1. 

The  hydrolysis  of  the  remaining  anhydride  groups  of 

^iwi^i^tagpft|yni«i«wMparf(amaiifaaqiieflusF^H 

solutions  at  romn  tenqwrature  with  the  NaOH  oonoen- 
tration  varying  frmn  0.1  to  0.5  M  depending  upon  the 
degree  of  subsdtut&m.  Tooonqiletdydiascdvethepdymer 
with  higher  hydropht^  content,  low  NaOHoonoentration 
was  necessary  to  avoid  hi|d*  ionic  strength  of  the  medium 
during  neutialization.  Con^riete  hydndysis  was  demon¬ 
strated  throu(^FTIRq;)ecttalanaly^  wi^  disaHManmce 
dT  the  0-0  stretdiing  vibration  of  the  add  anhydride;  it 
is  assumed  that  no  hydrolysis  of  the  amide  b(^  occurs 
since  in  previous  work  none  was  observed.**  7-C12-S0 
failed  to  dissolve  complet^  in  0.01  M  NaOH  solution 
even  over  an  extended  period  of  time. 

Solution  Properties.  The  solution  properties  of 
amphiphilic  water-soluble  polymers  are  controlled  by 
spe^c  structural  diaracteristics,  molecular  wei^t,  and 
the  solvent  quality.  Tie  structural  parameters  ii^uding 
concentration  and  distribution  of  bydrophobic  groups, 
hydrophilic  segment  length,  and  fixed  ionic  groups  are 
among  many  «^ch  may  be  dianged  to  jdeld  ^  desired 
properties.  F<Mrexample,lqrdropb^cinteraGtionsofloiig- 
chahi  hydrocttbons  incorporated  along  the  pdymer  back¬ 
bone  can  greatly  affect  tte  degree  to  ^riiich  the  pobnner 
cofl  may  eqwnd  or  ooUapee.  Changes  in  the  degree  of 
ionization  and  advent  characteristics  sudi  as  ionicstreogth 
and  pH  alter  the  polymer  conformations  as  weD.  Inthis 
study,  influences  of  theM  parameters  on  the  solution 
bdbavior  of  terpolymers  7  are  examined  by  viscodty  and 
fluorescence  measurements. 

>^scosity Studies.  AgingEffects.  I^drtgihobically 
modified,  water-soluble  pt^mets  dten  show  time-de- 
pendent  reorganization  in  solution.**  To  properiy  assess 
the  effects  cf  terpdymer  omnpoeition,  pH,  and  added 
electrdytM  on  sohition  behavior,  aging  stiidies  were  first 
ccmducted.  Figure6showstheagingeffeetBfortiie7-Cl2- 
10  and  7-Cl2^  pdymers.  terpdymers  dissolve 
oompletdy  in  ddooized  water  within  24  h.  Theapparent 
visoodty  of  7-C12-10  decreases  <ni]y  sUiddly  before 
reaching  a  cmistant  value  within  8  dtqps.  A  more  pro¬ 
nounced  aging  effect  was  observed  fw  7-C12-40.  Ap¬ 
parently,  tte  stranger  hydrophobic  interactions  require  a 
longer  period  d  time  to  readi  equilibrium.  FurtherauHe, 
frei^prqMaed  7-C12-40solution  exhUwtsirrtermolwcnlar 
associating  bdiavior  (Figures).  In  contrast,  intramdeo- 
ular  association  is  observed  for  the  same  solution  at 
equililmum.  Thisindicatesthatthe7-C12-'40terpoiymer 
u^ergoesaoonformationaltcarisitimifoomintermolecolar 
to  intramolecular  during  the  aging  process.  No  such 
conformational  transition  is  obeerv^  for  7-C12  terpoly¬ 
mers  at  lower  hydrophobe  levels  or  for  all  7-C8  terpoly¬ 
mers. 

Effects  of  Hydrophobic  Groups.  Toassesstheeffects 
of  hydrophobic  monomer  content  on  viscosity  behavior  in 
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Figarel.  AcmgefiiKtsof7-C12-10aiid7-Cl2-40teipo)ymeis 
St  28*0  to  drienlied  water.  (V*2i>g/dL.  Shear  rate;  LMar*. 


FigoreC.  (Jomparism  of  the  viscosity  behavior  of  7-C12-40 
tendymer  at  25  *C  hi  deioniaed  watn  at  difloeot  tiinss:  (e) 
1  day  after  sample  preparation;  (O)  20  days  after  san^le 
preparation.  Sh^rate:  L28a^. 


FIgazeT.  Effacteofn-odadandn-dodaqdgroiveonteBtflntiie 
mtoiiiaie  vieooaity  of  T-(X  and  7-012  toxpobniMn  in  deioniaed 
water. 

deionized  water,  it  was  first  necessary  to  determiDe 
intrinsic  viscosity  utilizing  the  FuoMrelatioiish^*.**  For 
polymers  withlargityintraniolecularaaeociatiop,^FtioM 
plot  should  yield  values  wdiicli  may  be  UMd  to  inoject 
molecular  weights  of  single  oofls.  Fig^  7  shows  ^ 
intrinsic  viscosities  of  7-^  and  7-C12  terpolymeiB  as  a 
functionofoomposition.  Theintrinsicviaoooitiesdeaease 
dramaticalty  as  the  hydr<g>hobe  concentratum  in  the 
terpolymers  increases  from  0  to  50  mol  %.  A  larger 
quantity  of  hyik^^hobic  groups  effectively  enhances  the 
hydrophobic  interactions,  resulting  in  collapae  of  tto 
polymer  coQ.  A  sharp  drop  in  the  intrinsic  visconty  is 
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FlgiiraS.  BffactofaolutionpHooaniforT-GStarpolyinMaat 
35  *C.  Cp  >■  0^  g/dL.  Shear  rate:  1.28  r*. 

observed  at  hydrophobe  concentrations  between  20  and 
30  mol  %  for  both  7-C8  and  7-C12  terpolymers.  Similar 
observations  have  been  reported  for  other  intramoleoilar 
associative  copolymers^  and  have  been  attributed  to  a 
transition  from  random  coil  to  tighter  hypercoiL  Dodecyl 
terpolymers  possess  a  more  compact  structure  than  their 
octyl  analogs  at  constant  hydrophobe  levels  as  indicated 
by  the  slightly  lower  intrinsic  viscosities  of  the  former 
(Figure  7). 

Effect  of  pH.  The  amphiphilic  terpolymers  contain  a 
large  number  of  carboxyl  functional  groups  as  the  migor 
hy^philic  component  Variation  in  pH  can  impart 
significant  change  in  solution  properties.  Figure  8  il* 
tustrates  the  viscosity  behavior  of  the  terpol^ers  con* 
taining  varying  n<oct^concentrationat8electedpH  values. 
The  r^uc^  viscosities  of  all  the  polymer  solutions  initialty 
increase  with  increasing  pH  and  then  decrease.  The 
maximum  value  of  reduc^  viscosity  for  all  7-C8  polymers 
isobeerved  about  pH  9.3.  Changes  in  the  reduced  viscosity 
are  qualitatively  similar  to  those  observed  for  maleic 
anhy^de  and  alkyl  vinyl  ether  copolymers.^-***^  The 
degree  of  ionization  of  the  terpolymers  increases  with 
increa8ingpH,di8ruptiiiginttaiiKdecularassociati<«i8.The 
topolymers  reach  maximum  charge  density  at  fire  pH  at 
which  the  h^est  reduced  viscosity  is  achieved.  Further 
increase  in  pH  increases  the  concentration  sodium  ions 
m  the  solution;  therefore,  the  interaction  between  the 
diarged  groups  along  the  polymer  badrbone  is  shielded, 
causing  polymer  coil  collapse. 

When  the  pH  of  the  solutirm  is  below  the  pJC.  of  the 
carboxjdie  add,  most,  if  not  all,  of  the  charges  csunried  by 
the  terpc^uners  are  neutralized.  Therefne,  there  are  not 
owugh  duuged  groups  <m  the  surface  of  the  polymer  ooQ 
to  prevent  macromolecular  aggregation  and  macnqihase 
sQMration  occurs.  For  example,  Ae  terpolymers  with  40 
aid  so  mol  %  octyl  groups  predpitate  below  pH  4  and  5, 
respectively. 

Effect  of  Electrolyte  Addition.  The  effect  of  NaG 
on  the  viscodty  of  the  terpolymer  sdutions  was  investi¬ 
gated  using  7-^  series  (Figure  9).  The  reduced  visooeity 
decreaaesfor  all  terpdymers  as  the  NaCl  molarity  increases 
due  to  the  shielding  of  ionic  interactions  of  the  carboaq^te 
groups.  The  terpolymers  wifii  high  hydrophobe  content 
such  as  7-C8-S0  predpitate  at  high  salt  concentration 
('*'0.5  M). 

Effect  of  Shear  Rate.  The  effect  of  shear  rate  on  the 
iqiparent  viscosity  of  7-(J8-10,  7-C8-30,  and  7-(38-60 
terpolymers  was  investigated  in  pure  water  at  both  low 
and  high  polymer  concentrations.  Unlike  some  of  the 
reported  systems  which  showed  shear-thickening  behav- 


Figuret.  Bfbet  of  ionic  strength  on  sm  of  7-G8  taipolyinsis 
at  26  *C.  C  «  0.16  g/dL.  Shtar  rate:  1.28  s**. 


Figure  10.  OependoioeofaveragelifetiinefarinonoiiiereiniMion 
on  hydrc^hobe  content. 

TableZ.  Flneiescence Lifetine [r] (ns) of MoneaMr 
Emissioa  Decay  for  7-C8  Terpolymrs  in  Aqueona  Solntioas 


pH 

7-C8-10 

7-C8-20 

7-(5-30 

7-C8-40 

7-G850 

3 

44.3 

625 

57.1 

585 

605 

5 

41.2 

445 

49.1 

64.1 

68.1 

7 

345 

345 

43.7 

495 

545 

8 

28A 

3L4 

481 

485 

625 

10 

24.1 

283 

385 

445 

515 

the  terpolymers  at  0.05  g/dL  exhibit  Newtonian 
be^vior  over  tlw  shear  rate  regime.  Simflar  behavior  is 
obaorved  for  the  terpolymers  at  0.5  gfdL. 

PhotophysicalStadiea.  Fluoresoence  measurements 
were  conducted  in  attempts  to  evaluate  associative  piop- 
ertiee  oi  the  terpolymers  in  aqueous  sohitioos. 
thakne  lifetimes  aid  ezdmer  to  monmner  ratios  CTb/h^ 
were  recorded  to  monitor  the  dianges  dt  terphtyiner 
oonformatMm. 

Effects  of  Hirdrophobic  Groups.  Asqpaificantchange 
in  the  fluorescence  decay  of  monomer  fluorescence  (330 
nm)  is  observed  upon  altering  the  hydrqduibe  content 
(Figure  10).  The  decay  profflta  oi  ^  terpdymers  are 
oomplez  can  be  m>proximately  fit  by  a  sum  of  two 
exponentials  oonqxwed  d  a  kmger-lived  component  and 
ashorter-livedconqKment.  Table2sumniazizestbevalnss 
of  the  averagelifetiine^definedby  the  following  equation: 

It]  =  ^o,t^/^o,-t,- 

where  o,-  is  the  preexponential  factor  of  the  ith  component 
and  Tj  is  the  corresponding  lifetime. 

Multiezponential  fits  have  been  reported  ton  other 
associative  polymers  in  aqueousmedia**^ and  are  probably 
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FigiiM  IL  DapendaoM  of  1m/Iu  tar  both  7-C8  and  7-C12 
tarpoijnma  on  tha  bydnplioba  eoataiit  at  pH  7. 

due  to  labels  in  different  envirmunenta  contributing  to 
theemiaaion.  It  is  noteworthy  in  our  case  ffiat  the  values 
of  [r]  increase  with  increasing  hydrophobe  concentration. 
The  lifetfaneairfthe  naphthalene-labeled  model  cwnpound 
4  in  adutions  of  Tiff,  ethanol,  methanol,  and  50/50 
methancd/water  are  68.1, 47.2, 90.7,  and  21.8  ns,  respec¬ 
tively,  demonstrating  the  effect  of  microenvironmental 
pola^on  the  decay^theeicited  state  (rfthenaphthaloie 
label  Therefore,  ^  increase  in  the  average  lifetime  at 
hi^itthydrophoteorntmitiscaoristentwithcoilcollapae. 
Also,  the  7-C12  seriea  polymers  have  hi^^  [r]  values 
than  the  7-C8  analogs  wiA  the  same  hydrophobe  mole 
percent  Longer  ^e  chains  effectively  enhance  the 
hydrophobic  affect,  providing  shielding  of  the  ni^hthyl 
li^  frmn  water.  These  rnulta  are  similar  to  thoM 
previously  reported  for  bydrophobically  modified  poly- 
(all^aminels.** 

In  additkm  to  changes  in  the  average  lifetime,  terpoly- 
mers  also  show  a  dramatic  hydnqihobe  concentration 
dependence  of  /b//ii.  As  indicted  in  Figure  11,  Ie/Im 
values  of  the  terpolymers  increase  as  the  hydrr^hobe 
concentration  varies  from  10  to  30  mol  %.  Fiirther 
increases  in  the  hydrophobe  omioentration  result  in 
decreases  in /|//m.  ItisunUkdythatexdmerfommtion 
is  due  to  nearest-neighixMr  interactions  since  the  number 
of  naphthyl  groups  are  small  and  they  are  separated  over 
a  lar^dirta^  dong  the  polymer  backbone.  Theinitial 
increaae  in  Ie/Ih  may  b*  attributed  to  inoeaaed  omn- 
pactimr  of  the  pdlyrnwcwlwhidi  facilitates  the  farrnation 
of  the  exetmer  due  to  the  reduced  s^Murathm  of  the 
daomo|diflra  within  the  hydrpidiobfcmicrodflmaiii.  When 
thehy<bo|diobeoonicentrationisabove90mbi  %, however, 
the  large  hydrophobe  quantities  within  the  pobfiner  oml 
separate  the  naphthyl  labds.  Furthetmote,  the  hi|d>ly 
conqMCthydrophobiemictodoina&islimtt  the  mobility 
the  chron^hatea,  preventing  orientation  in  a 
favorable  for  eicimer  fduination.  The  latter  effect  has 
been  observed  previously  by  our  gro(q>>*  and  ebesdiere** 
forruq>hthalene-labdedmetiiact]dicacidoopolymets.The 
ne^tld^  fmrmarion  exdmer  in  7-GS-50  and  7-C12- 
40,  have  hi^  hydrofdiobe  ocmcentrations,  lends 
cr^enoe  to  these  arguments. 

Effeet  of  pH.  The  effect  of  solution  pH  on  the 
crmfonnation  of  the  terpolymers  was  first  by 

the  lifetime  measurement  at 390 run  of  thus  monomerdecay 
of7-C883rstems.  Decrease  in  [r]  indicates  the  expansion 
of  the  hydnqrhobic  domains  with  increasing  pH  (Table 
2).  Tliehi^y  hydrophobic  terpolymers  such  as  7-C:8-40 
and  7-C8-iO  remain  in  the  rather  compact  conformations 
at  high  pH  as  evidenced  by  the  large  [r]  values. 


Figure  12.  Dependence  of  /m/Iii  on  solution  pH  for  7-C8 
teipolyiBeis.  Cr*0.06f/dL. 

Figure  12  depicts  the  pH  dependence  of  /b//m  for  7-C8 
polymers  in  the  aqueous  solutions.  For  the  7-(^10  and 
7-(38-20  polymers,  Ie/Iu  decreases  in  the  pH  range  3-10 
and  then  increases  sli|^tlyathid>er  pH.  This  is  consistent 
with  the  rheological  response  of  the  terpolymers.  Asthe 
pH  increases,  t^  polyim  cdl  expands  and  the  naphtM 
groups  are  separated,  leadirtg  to  decreased  /b//m>  The 
lowest /b//m  occurs  at  the  pH  vdwre  maximum  expansion 
ofthe  polymer  coil  occurs.  Aslightrisein/B//Mathigiun' 
pH  is  attributed  to  an  increase  in  ionic  strength.  7-<^20 
exhibits  a  higher  /e//m  value  at  a  given  pH  thmi  does  7-C8~ 
10  due  to  a  more  compact  structure  of  the  former. 

The  7-C8-30  polymer  exhibits  a  different  dependence 
of /b//m  on  the  pH.  The  curve  first  rises  aiul  tl^  drops 
rapidly  upon  increasing  the  pH.  The  initial  increaae  in 
the  values  of /g// m  m^y  be  explained  by  increased  mobility 
of  the  naphthyl  groups  in  the  hydropltobic  microdomains 
upon  coQ  expansion.  At  pH  3,  the  terpolymer  adopts  a 
U^y  ooll^xMd  conformation,  indicate  1^  the  very  low 
reduced  viscosity.  The  mobility  of  the  dwmophm  is 
largely  restricted.  The  probability  two  chromophoras 
^proaching  each  other  in  a  ct^lanv  or  sandwidi  manner, 
a  necessity  to  the  excimer  formation,  is  smaU.  AsthepH 
is  increased,  diain  expansion  decreases  pdymer  coQ 
density.  The  relathrety  large  separation  of  the  iuq>hd^ 
moities  from  the  pcdymer  backbone  aUows  the 
mophores  to  proximity  to  <«e  another  iqxm 

moderate  expansion;  this,  cottyled  with  increased  mobOfty 
of  the  dma^hocea,  leads  to  increased /g/Zii.  Further 
increase  in  the  coQ  abe  at  h^her  pH,  however,  results  is 
hmg-range  s^Mvatkm  of  tlm  chnw^hores  and  /b/Zm 
decreases  rapMly.  Hiis  behavior  is  significantly  diCfaent 
frtun  that  observed  previously  by  our  groiq)**  for  Mph- 
thalene-labded  potyCmetfiacrylic  acid),  lb  that  case, /■/ 
lu  increased  npktty  at  a  pH  of  7Ui  but  exhibited  no 
decrease  thereafter.  Relatively  large  quantities  of  mqdi- 
tbyl  labels  and  long  qMoers  in  that  copolymer  were 
repwted  to  allow  association  even  in  a  hi^dy  expanded 
oo^  For the7-C8-30terpolymer,however,eaidi  naphthad 
group  is  surrounded  fay  oomparatively  la^  neighboring 
oc^  groups  upon  o(Hl«qiansi<m,*>^ resulting  inadecreaae 
in  Interestin|dy>  the  /b//m  maximum  is  observed 
at  lower  pH  than  the  r^uoed  viscosity  maximum  (Figure 
8),  indicating  that  significant  diromc^hore  sqMration 
occurs  before  the  polymer  reaches  its  nutTiwuim 
expansion. 

The  terpolymer  7-C!8-40  also  shows  an  increaae  in  /g/ 
/m,  but  to  a  lesser  extent  This  can  be  attril^ted  to  the 
increased  difficulty  of  two  chnmu^hores  approadiing  each 
other  in  a  large  hydrophobe  concentration  within  the 
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TMm  S.  FIoorMcmM  lifKiM  [r]  (u)  ot  Mmomu 
Eifaatoa  Dacay  for  7-C8  Ttepolyiaoro  ia  NaCI  Aaaooao 
SolatioBa 


Cnao(M) 

7-C8.10 

7-C8-30 

7-C820 

7-C8-40 

7-C820 

ai 

49.3 

542 

621 

652 

68.6 

0.2 

552 

527 

642 

67.6 

682 

0.3 

582 

62.4 

672 

602 

714 

0.4 

612 

632 

692 

712 

74.1 

polymer  coil.  This  is  consistent  with  the  obeerv«ti<»  that 
the  7-C8-40  polymer  always  exhibits  a  lower  It/Iu  valtm 
than  7-C8-30  at  a  constant  pH. 

Values  of  /b//m  for  7-C8~S0  change  little  with  pH.  In 
this  case,  very  high  hydrt^hobe  concentration  within  the 
polymer'  coil  results  in  ali^t  complete  diminution  of  the 
naphthyl  group  interactions.  Each  naphthyl  label  is 
surrounded  by  a  large  number  of  octyl  groups  even  in  the 
expanded  coil.  Therefore,  low /gZ/Mvidues  are  observed 
throughout  the  pH  range. 

Effect  of  Electrolyte  Addition.  Table  3  lists  the 
average  lifetimes  of  the  monomer  emission  for  7-C8 
polymers  at  different  NaCl  concentrations.  Increased 
average  lifetime  is  consistent  with  the  compactkm  oi  the 
polymer  coil  with  increasing  salt  concentration.  The 
terpolymers  with  higher  hy^phobe  content  are  less 
sensitive  to  the  ionic  strength  as  indicated  by  the  reduced 
curvature  of  the  data.  The  reduced  sensitivity  may  be 
explained  by  the  already  very  compact  conformation 
adopted  by  the  terpolymers  in  the  salt-free  solution  as 
well  as  the  decrees^  quantity  of  charged  groups  along 
the  terpolymer  chain. 

Conclusions 

A  series  of  naphthalene-labeled  polyfmaleic  anhydride- 
alt-ethyl  vinyl  ether)  copolymers  containing  pendent  octyl 
and  dodecyl  groups  have  l^n  synthesized.  The  fluores¬ 
cence  and  viscosity  behavior  of  the  terpolymers  have  been 
studied  as  a  function  of  the  length  and  concentration  of 
the  hydrophobic  groups,  electrolyte  concentration,  and 
the  solution  pH.  In  all  cases  investigated,  the  terpolymers 
exhibit  a  tendency  toward  intramolecular  association  in 
dilute  and  semidilute  aqueous  solutions  at  specifically 
varied  conditioiu  of  pH  and  ionic  streng^  topdy- 

mers  with  longer  aU^l  groups  and/or  l^her  alk^  group 
content  tend  to  be  more  compact  and  exhibit  lower 
viscosity  in  deionized  water.  Addition  of  either  add  or 
base  results  in  decreased  solution  viscosity.  Addition  of 
NaCl  lowers  significantly  the  viscosity  of  the  polymer 
solutions,  indicating  a  more  collapsed  oonfmrmatkm  at 
higher  ionic  strong^  Photr^hysical  data  paraUd  the 
rhMlogical  responses.  /b//m  vdues  of  iuq>hthyl  moieties 
from  steady-state  fluorescence  increase  initiaUy,  teach  a 
maximum,  and  then  decrease  upon  increasinghjdrcybobe 
concentration  from  10  to  50  mol  %.  Extrmded  lifetime  of 
the  monomer  fluorescence  decay  with  increasing  hydro¬ 
phobe  level  indicates  increased  compaction  of  the  polymer 
coil  As  the  pH  values  change  from  3  to  10,  significant 
decreases  m  the  It/Iu  values  are  observed  for  the  ter¬ 


polymers  with  low  hydrophobe  contmit  due  to  ooQ  expoir- 
sion.  It/Iu  values  of  ^  topdjmiefs  with  modmt* 
hydrophobe  omtent  rise  initially  and  then  deoteeee 
continuous^  over  the  same  pH  range.  Syetemswithhi^ 
hydrophobic  contentshow  little  dependence  wi  pH.  ThM 
remits  ore  explained  by  considering  the  relative  concen¬ 
tration  oi  the  chromi^hore  in  the  hydro|diobk  micro- 
domains  as  well  as  the  diange  in  the  mobility  of  the 
naphthyl  moieties  with  the  compactness  of  the  pdymer 
coils.  Hie  lifetime  of  the  monomer  emission  decreases 
with  increasing  pH,  indicating  a  more  hydrated  environ¬ 
ment  experience  by  tlm  probe  within  the  polymer  coil. 
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ABSTRACT:  TWpoljnBMi  of  MqrUe  add  (AA),  cayhaida  (AM),  and  tba  awittarionic  monomer  3-((2- 
ai  ijflaiiiHfi  7  iiiatlQlinmijDillinaft^lamintaiinl  1  |ifnpanaaiilfninta(/V]litrrHM*n)haiahiiaiuaa|iaiitfH>j  lliii 
fcaa-tadicalpojym^HtfoiilnaaSlilNagaqnaouaaoiMtioonaintpciaaaiuapanMlflitaaBtliainitlatac.  TIm 
laadr«tioofAMPDAP8:AA:AMaaa»aiiadftoa6Je90to4Ce20e20i^  %,  with  tba  totalmoomarooBoantzatiao 
bddeoantantatadSM.  TWpojywcwinpodHniiaiwianMatnadby^CMMR.  T  tm  ai>|ialaanrli|ht  ar attwini 
preaidad  aolacutor  wai^rta  and  aacoad  aitial  aoalfIdaBta  wlikh  aariad  from  (Si)  to  7J9)  X 10*  and  (S23  to 
2.86)  X 10-*  mL  nwi  f*.  raipactiady.  IbaaohibilitiaooftbatoauhiBKtaipolyiaanandapaBdentonpHai 
wallaathaaBMontaf  AMPDAPSa^AApaaaantinthafaad.  At  pH  4  and  for  hi^lMr  iaoocpocatioo  of  AA 
andAMPDAPSinthafaad(>36BMt  i(),tlha(«poi]naanaiainaotubloiDdaionixadimtarand0.25MNaCL 
AtpHAcPtiipob— wwohblaindaioniiodnatatandaaltaoliitioiia.  TlMdautaaDdaonudautaaolutioD 
bahaaiocofthatatpojyMataiiaraatudtadaaaftnictiooofoMpcaitinnandaddadalactrolytaa.  Polyalactiolyta 
bahaaior  araa  obawaod  for  aU  tatpoiymaia  at  |dl  8  aa  aaidmoad  by  a  aiaooaity  deciaaaa  in  tba  praaanca  of 
added  elactndytaa.  Tba  tetpol^nen  exhibit  hi^ior  aiaooaitiaa  in  tba  ptaaance  of  MaSCN  aaiaua  NaQ. 
Comparison  of  the  aoiution  b^aior  of  the  teip(^nDan  to  oopoiyman  of  AM  and  AA  aa  nail  as  oopolynian 
of  AMPDAPS  and  AM  has  been  made. 


Introdaction 

The  aynthesia  of  eloctiolyte-tolerant  wateracdublo 
polymen  that  contain  kmic  pendent  ftoitpa  baa  been  the 
aubject  of  atudy  in  our  laboratoriea  for  die  peat  aeaeral 
yean.***  Polyelectrolytea  diqilaqr  ht|^  viaooaitiea  in 
deioniaed  water  at  W  oonoaiittatioiia  and  thoa  are 
commerdally  used  as  aiacosilVing  agents  in  numerous 
applications.  However,  in  the  presence  of  added  electro¬ 
lytes,  diarge-chazge  repulsions  are  shielded,  resulting  in 
a  considerable  decrease  in  viscosity  and,  in  some  cases, 
phase  separation.  In  striving  to  synthesise  polymers  that 
show  tolerance  in  the  presence  of  added  elecdolytes,  we 
have  recently  focused  our  attention  on  polyanqihobtes, 
polymers  which  possess  both  cationic  and  anionic  pendent 
groups.  Polyampholytes  have  shown  an  enhancement  in 
viscosity  in  die  presence  of  added  electrolytes  as  intramo¬ 
lecular  Coulombic  attractums  are  shielded.**”  In  our 
laboratories,  hi^  charge  density  oopolyiaers  of  eati<»ic 
and  anionic  monmnets  have  been  synthesized.  .  The 
riiedogical  behavior  of  these  polymers  is  dictated  Iqr  the 
diarge  ratio  of  the  catumma^  anionic  groiqis.  Ifthere 
is  a  diarge  imbalance,  the  polymers  behave  as  polydeo- 
trdytes  display  a  decrease  in  viscosity  in  the  presence 
ofaddedelectrolytes.  However,vdienth«rearee(tuimolar 
anionic  and  cationicmonomets,  polyampholytic  behavior 
is  observed  and  viscodty  incTMses  as  die  ionic  strength 
of  the  medium  is  increased.  Low  diaige  density  polyam- 
pholytes  have  also  been  synthesized  in  which  a  nmitral 
monomer  such  as  aerylamidehasbeenterpt^rmerised  with 
cationic  and  anionic  monomers.  These  pdymers  inter- 
molecularly  associate  in  deionized  water  and  canformgds 
that  may  ^  used  as  "superabsorbers”.” 

Polyampholytes  have  also  been  sjmthesized  fiom-cwit- 
terionic  monomers  in  which  the  cationic  charge  is  provided 
by  a  quaternary  ammonium  functionality  and  the  anionic 

*Abatnct  publiabed  in  Advance  ACS  Abstraete,  May  1, 1994. 
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charge  is  provided  by  a  carboi^late  or  sulfonate  groiqi. 
These  monomers  are  unique  in  that  they  exhibit  a  net 
diarge  ofzero  at  anmqiiriate  pH.  AnumWdTinvestiga- 
tions  have  focused  on  the  unusual  solution  behavkor  of 
zwitterionic  polyamplid[ytes.”~” 

The  goals  of  this  research  are  to  synthesise  polymers 
that  win  display  either  polyanqiholytic  os  polyele^dytic 
behavimdepeiuiingonthepH  of  the  environment  Spedal 
attention  has  been  focused  on  polymare  that  contain  the 
carboxylic  add  group  which  may  be  neutralized  to  the 
carboa^te  group  by  adjusting  the  pH  of  the  medium. 
Thus,  the  synthe^  and  sdution  behavior  of  terpdiymers 
of  acrylic  a^  acrylamide,  and  a  sulfobetaine  monomer 
will  be  discussed. 

Experimental  Section 

Materials.  AoylaBBide(AM)£ramAldzidiwaBTeaystailized 
twice  from  acetone  and  vacuum-dried  at  room  teaipccature. 
Acrylic  add  (AA)  from  AMiich  was  djstflled  prior  to  use.  3>((2- 
Ac^daaddo-S-metludpnqvbdimethylamiaociiol-l-pngiana- 
aulfoaate  (AMPDAPS)  was  qntheehed  by  the  ring-opaniiig 
raactfoD  of  l,8-eydopiopaiieeul(aae  wUh  (S-eerydauridO'S-aM- 
thyl|srapy))dhnettqdaniiDe  as  previously  repcrted.”  Pctaariwm 

water.  AQ  other  mataiab  were  used  as  received. 

Syatheds  of  Terpolynwrs  of  3-[(2-Aocylamtdo>2-aMtli- 
ylpropyl)diBMthylaBMiiioiiiol-l-prepaneaidfonate,  Aeryi- 
aadde^aadAezyUeAeld.  TheterpoiymencfAMPDAPS^AM, 
and  AA  (the  AADAPS  aeries)  were  ^ntheefasd  by  heamdical 
polymeraatiooioaCAMNaCT  aqueous  solution  under  nltroten 
at  M  *C  usiiig  0.1  mol  %  potassium  persuUrie  as  the  initidar 
at  a  pH  «f  &  The  use  of  0.5  M  Na(7I  as  a  reaction  medium  was 
to  consistent  wiQi  methods  employed  in  ref  19.  The  feed 

ratio  of  AMPDAPSAA:AM  was  varied  from  5:5:90  to  40:40:20 
mol  X,  with  the  total  monomer  concentration  held  constant  at 
0.45  M. 

In  a  ^ical  synthesis,  specified  quantities  of  each  monomer 
were  dissolved  in  small  volumes  of  a  0.5  MNaCIaolutimi.  The 
separate  solutions  were  then  omnbined  and  diluted  to  a  0.45  M 
monomer  concentration  with  a  0.5  M  NaCl  solution.  One 
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•q«d«ilwt  of  oodium  hydrosido  por  •quholont  of  •oyBe  add 
«asthHiaddidaiidtlMpHaidiuatiMito8.  'ntaioaetioiiBiiztim 
was  qMiiod  with  nitiocen  aad  thao  initiatad  with  Oil  mol  % 
potaadum  pamdfiita.  TIm  raactioa  waa  usually  tanninatad  at 
<85%  coaiwiaioDduatothahii^aiacoaityofthaioactinpmadium 
and  aa  a  pncautioB  against  oopotyniar  drift  ThapolsnBanwaM 
pndpitatsd  in  acatooa,  ndiaaolvad  in  ddoniasd  watar,  and  than 
dial3^uaing8pactrn/Poa4dialyaia  bags  with  molacularwai^ 
cirtdBh  of  U  000-14  OOOi  Half  of  tk  aamplas  wan  dk^nMl 
against  daioniaod  watar  ad^iatad  to  pH  4,  iritOa  tba  othar  half 
wondialjntdagdnstddfli^odwataradiustodtopHS.  Polsnoasa 
containing  25  ^  %  or  mon  of  AMPDAP8  and  AA  in  tha  food 
(AAIMPS>25  and  AADAPS-40)  pnc^Mtatad  during  dia^Ma 
apihstdaioniaadwstarad}ustsdtopH4.  Aftardialydntte2 
waalM.tha  polyman  wan  iaolatadhylyophiHiatioaL  Conaarahma 
wan  dotafmi^  gnrimatrieaily.  IK  AADAPS-40  oopolymar 
isolatadatpH4(XBrpdlat):  3600-2600  (b  d.  CHD,  8280  (a. 
N-H>.  3060. 2960  (m.  C-H).  1700. 1655. 1687  0-0).  1660  (m. 
AHH).  1460  On.  C-O-H).  1206  (a.  C-O).  1180.  lOtf  carl  CtM. 

Synthaaia  of  Copolymara  of  S-((2-Aierylamida-6-aiothyl- 
propyl)dlmath3daaunoBiol-l-proponaaulfowato  with  Aory- 
lan^  and  Aetylie  Aeld  with  Aeqdamido.  Tha  polyBBaii- 
aatkm  |»ooeduno  for  oopc^man  of  AMPDAPS  with  AM  havo 
baanpnvioualynportod  by  Salazar  and  McConaidc.**  Copoly- 
mart  of  AM  a:^  ^  wan  prepared  using  similar  tachniqun  for 
tha  tarpdymar  synthesis. 

Copolymer  Charaetorlaation.  ^  NMR  qiactm  of  the 
polyman  wan  obtained  at  50.8  MHz  on  a  Bnikar  AC  200 
speettomatarusfaigl0-15wt  %  aqueous  (DiO)  polymer  solutions 
with  DSS  as  a  reference.  Arecyc]adelayof6s.90*pulaalangth, 
and  gated  decoupling  to  tamooa  all  NOB  wen  used  for  quantita- 
tive  QMCtral  anaiysia.  FTIR  spectn  wen  obtained  udng  a 
Mattwm  Galazy  2020  aeries  spectrometer.  KMecular  wd^t 
studin  wan  p^ormad  <»  a  Chromatiz  KMX-6  low-angis  laser 
light  scatter^  instrument  Refractive  indaz  incmmenta  wen 
obtdned  using  a  Chromatiz  KMX-16  laser  diffenntid  nfrac- 
tometer.  FarquaaielasticlightscatteringaLan|jay-F«dModd 
LPl-64  channel  digitd  eamAaXm  was  meA  in  coqjdnctkm  with 
tbeKMX-6.  All  measurements  wen  conducted  at  25  *C  in  IM 
NaO  at  a  pH  of  8. 

Vlaeosllylfaasnremants.  Stodcaohitioosof  sodium  chloride 
wen  prepared  by  dissolving  the  appropriate  amount  of  salt  in 
deioniaed  water  adjusted  to  either  pH  4  or  pH  8  in  volumetric 
flasks.  Polymerstodsohitionswenmadebydissolvingamounts 
ofpdymerinthesdtsolutions.  Thesdutionswenthra diluted 
to  appn^nnate  concentrations  and  allowed  to  age  for  7-10  days 
befon  being  analyzed  widi  a  Contraves  LB30  rheometer, 
hitrinsie  vhoosities  wen  evaluated  using  the  Hugguis  equatioo. 

Results  and  Discussion 

Compositional  Analysis.  The  teipolynieiB  of  AMP¬ 
DAPS.  AM,  and  AA  (the  AADAPS  series)  weiegyntiieiized 
by  varying  the  feed  ratios  of  AMPOAPSiAA^AM  from 
5:5:90  to  4fr40:20 mol  %.  Copolymers  ofAM  and  AA  (the 
AAAM  aeries)  were  gynthesi^  by  varying  the  feed  ratio 
of  AAiAM  from  10:M  to  25:75  mol  %.  Ciopobnnors 
AMPDAPS  and  AM  (the  DAPSAM  series)  have  bem 
synthedzed  previously.^*  All  polymers  repwted  in  thb 
paper  are  shown  in  Chart  1.  The  pdynier  oonvoidtioos 
were  deteiminedby  integration  ctfttecarboiqdresaianoeB 
and  agree  favorably  wiA  past  results.  A  typical  NMR 
spectrum  is  shown  in  Figure  1.  AMPDAN  and  AM 
incotptmtion  in  both  the  AAD  APS  and  DAPSAM  series 
appzozimates  the  feed  compositioD,  indicating  little 
prrference  for  addition  of  either  monomer.  AA  incorpo¬ 
ration  in  both  the  AADAPS  and  AAAM  series  vras  foi^ 
to  be  approximate^  half  the  feed  composition,  denotuig 
a  partial  toward  the  addition  of  the  msylaznido-^pe 
monomers.  The  reaction  parameters  and  the  resulting 
copolymer  compositions  are  given  in  Table  1. 

Low-Angle  Laser  Light  Scattering.  Table  2  shows 
the  weight-average  molecular  weights  determined  by  low- 
angle  laser  light  scattering  at  25  *C  in  1  M  NaCL  The 
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molecular  wtigbt  for  the  AADAPS  series  varisB  from  (3.0 
to  7.9)  X  UP.  The  second  virialooefBcieutsCAri  for  the 
AADAPS  series  have  values  between  those  of  tiie  DAP¬ 
SAM  series  and  the  AAAM  series.  Hus  is  eoqiec^  due 
to  the  ineeence  of  the  stnmih^  hydrated  catbos]d>te 
frmctionalitiss  in  the  AADAPS  terpohrmers. 

Quasi-elasticllid^t  scattering  wasusedtoobtainthemeap 
difbision  coeffidrats  (Z)d)  a^  diametesa  (do)  shown  in 
Table2.  Asmolecolarwei^tanddegreeofpdlymeriation 
increase,Z)9decrea8esanddoincreasesonaveragealttou^ 
solvent  quality  (As  values)  as  well  as  stoic  fotom  must 
also  be  consider^  AADAPS-25  and  DAPSAM-25.  both 
having  similar  molecular  weights,  demonstrate  enhanced 
solvation  of AADAPS-25duetothepreseDoe  of carboo^date 
functionalities,  resulting  inalazgerhydrod3mamicvohmie. 
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Reaction  PsisawtoM  for  AADAPS  TMpolyiBMS 

■ampia 

foodtatio(iaalX)CX/y/2) 

laaetfootfraadO 

eoav(%) 

fomd*(Bo)  S) 

AMPDAPS  AA 

AM 

AADAPS^ 

SOjO/MM 

AO 

610 

10 

12 

9L6 

AADAP8-10 

8Q1O/IO.O/IO.O 

4.0 

410 

10.2 

4j6 

862 

AADAP8-26 

60.0ftMaSJ> 

4J> 

410 

SU 

US 

516 

AADAPS-40 

aOu(V4(UV4IVO 

6.5 

60i> 

BOA 

214 

242 

Raaetfon  Pofaaafon  for  AAA14  and  DAP8AM  Copobnan 

found*  (mol  K) 

food  ratio  CnMl«)(X/y) 

naetioatiBBa(h) 

ceiiv(%) 

AMPDAPS 

AA 

AM 

AAAM-IO 

sao/ioo 

4i) 

610 

18 

9U 

AAAM-25 

76.0/25.0 

&0 

310 

12.2 

872 

DAP8AM-1(P 

90X/10JO 

4.5 

211 

9.6 

904 

DAPSAM-2S* 

Tsxmo 

210 

44.9 

27.7 

722 

'Detannined  from  NMR.  ^Rateaon  19. 


TkbkS.  QsMieal aad Qoui-ElMtte Li^ SeattMlac Data 
for  AADAP8.  AAAM.  and  D AP8AM  Polirmon 


aamplana. 

dn/de 

M. 

(Xll*) 

Aj 

(xl0*iiiL  DbXlO* 
molg^  (cm*/s) 

d^(A) 

DPx 

Kh* 

AADAPS2 

1186 

10 

177 

A07 

1160 

161 

AADAPS-10 

1175 

6.4 

226 

AlO 

1160 

168 

AADAPS-25 

0.193 

72 

223 

321 

1370 

166 

AADAPS-40 

1181 

A7 

223 

AOO 

1180 

160 

AAAM-IO 

1172 

AO 

176 

A09 

1180 

149 

AAAM-25 

0.189 

12 

9.49 

A12 

1060 

153 

DAPSAMIO 

1138 

7.00 

L49 

AOl 

1380 

720 

DAPSAM25 

1139 

820 

123 

327 

1180 

626 

Dilute  Solution  Behavior.  Effeeta  of  Copolymer 
CompoaitioaandpH.  To  atudy  the  effeeta  of  i^oo  the 
teip(dyinen,0.25-gfdL  stock  aohitknis  were  prepared  &(»n 
the  totpolymer  sampka  dialysed  at  pH  4  and  pH  8.  Of 
the  aamplm  dialyzed  against  pH  4,  only  two  of  the  samples 
were  soluble  in  deioidzed  waten  AADAPS-5  and  AA> 
DAPS-10.  AADAPS-25  was  insolable  in  dekmized  water 
and  M  NaCl;  however,  the  oopdymer  was  sduble  in 
iMunnu  AADAPS-40  was  insolable  in  all  of  the  above 
solvents. 

The  solubility  behavior  te  a  culmination  of  two  effects: 
(1)  charge-charge  interactionbetweenthe  AMPDAPS  mer 
units  and  (2)  hydrogen  bonding  between  the  amide  and 
carlKH^c  add  units.  The  insdubOityof  polyampholytes 
in  dekmized  water  has  been  observed  numerous  times  and 
is  deariy  due  to  strong  Couknnlnc  attractkms.  In  our 
group,  copolymers  of  AM  and  AMPDAPS  have  been 
studied.**  TboseciqMlymetsomitainingdOmol  %  mrnune 
of  AMPDAPS  were  irmduUe  in  water  and  required  the 
addition  ofacriticalconcenttationoQfagbefore  solubility 
could  be  adiieved.  Inthecaseof  AADAPSterpdymers, 
the  sdnliQity  is  greatly  reduced  by  substitutingaerylaniide 
unitlL  with  acry^-add  units,  during  qnitbe^  : 

-Thehehaviorofacisdamida/actylieaddoopolymmrsbas 
be«i  studied  by  numerous  groiqis.*H*  Predidtotionhas 
been  observed  for  polyniets  containing  more  than  SO  mol 
%  aerybe  add  in  0.05  M  UCl  due  to  strong  hydrogen 
braiding  between  the  add  ai^  amide  groups.**  Sin^ar 
bdiavior  has  been  observed  hi  AADAPS  tetpdymm  and 
iis  fvQlher  siqpported  by.the  sohibOization  of  AADAPS-25 
whiiiAreqaireslMaiea.  The  presence  of  urea  may  disnqit 
hydrogen  bonding  betw^  the  carbra^lic  add  and  arSide 
groups  and  allows  solubilization  of  the  terpolymer. 

;  Althoughpolymersamples  AADAPS-5  and  AADAPS- 
10  were  soluble  in  deiemiz^  water  as  well  as  salt  solutions, 
viscosity  data  yielded  little  information  due  to  the 


r>aiidpH8.) 

extremely  low  values  that  were  obtained  (sm  <  O.Q. 
Extremdy  compact  copfonnations  are  indicate  in  bdh 
deionized  water  and  0.514  M  NaCL  As  for  the  sonqiles 
dialyzed  against  pH  8,  all  were  soluble  in  both  dekmked 
watra  and  salt  sohitkms. 

■  ECbets  of  Added  Electrolytes  on  the  AADAPS 
Series.  Theeffectsofaddedsaltoontheviaoodtiesoffhe 
AADAPS  teipolymers  were  observed  at  a  sheer  rate  of 
5.96  sr*.  The  ^ipuent  viscosities  of  tiM  AADAPS  ter^ 
polymers  hi  draonized  water  at  pH  8  are  shown  in  Figure 
2.  As  eqiected,  the  teipolymers  diqilayhi^visoodties 
due  toanet  negative  du^  on  the  dudnwhi^  causes  tiie 
pplpier  to  bdave  as  a  polyelectrolyte.  Viscosity  tends 
to  incraase  with  increasing  sodium  acqdate  mer  units 
ezcHit  for  the  discrqiancy  between  A^APS-40  and 
AADAPS-25,  pwhapsdue  to  molecular  weigiitdifferMicee 
or  inenased  rigidity  firan  ^dic  interactions  .betwem 
amideandcarbraqdategroiqis.  OurgrovqiandotherBhave 
found  that  the  highest  intrinsic  viscodties  for  copotymew 
of  acrylamide  ai^  sodium  aerjdate  occur  when  there  is 
rouddy  an  equal  ratio  aC  acrydamide  to  sodium  acrylate 
units  due  to  &e  ^dization  mechanism  noted  above.**^ 
Thisnearest-nei^bor  effect  may  be  broken  vqi  by  the 
AMPDAPS  mer  units  in  AADAPS-40  wbich  contains  50 
mol  %  AMPDAPS. 

/  The  AADAPS  terpolymers  act  as  anionic  pdyded^ 
tyteswithareductionin  the  intrinsic  viscosity  aaafunction 
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Figan  t.  DapmdnM  of  intriiMie  Tiocooity  of  AADAF8 
torpo|]nBmMaAinetk»ofNaCloooetntntioB.  (Dotaminod 
at  26  *C  at  a  ahaar  lata  of  6.96  r*  and  pH  8.) 


Hcnro  4.  htriniic  viaooaitiaa  of  AADAPS  taip^pien  aa  a 
ftmetioaitftliainvataaaquareiootofioiiicatiangth.  (Detomiiiied 
at  26  *C  at  a  ahaar  rata  ot  6.96  ar>  and  pH  8.) 

of  increasing  ionic  strength  aa  shown  in  Figure  3.  As  the 
concentration  of  NaCl  increases,  the  anionic  repulsions 
ate  shielded  and  the  hydrodynamic  volume  decreases  as 
the  polymer  diain  relaxes  into  a  mote  c(»npect  conjura¬ 
tion.  AADAPS-dOdiqilaysalowerintrinaicvisooaitythan 
AADAFS-lOat  higher  kmicatrengths,  probably  indicative 
ofakwermolecalarwei^t.  Poljjelecttolytebehavhnwas 
fiirther  illusttated  hy  plotting  intrinsic  viscosity  as  a 
ftmctionoftheteciptocalaquate-rootofthe  ionic  strength 
(Figured).  AUaamplesdisplayalineardependenoevdddi 
b  typical  of  p<^rdtoetroIytes.  AADAPS-26  exhibits  the 
hi^^8lopeandis,thetefoce,themostsendtivetodianges 
in  the  ionie  strength  of  the  sohitKm.  -  ■ 

Figure  6  shows  the  reduced  viscosity  versus  NaQ 
cmicentratkni  at  a  polymer  concentration  of  0J26  g/dL. 
Once  again  typical  po^lectrolyte  behavior  is  observed 
evenupto'SMNaC^  Potyampholytes  normally  (Osplay 
an  enhimoement  in  viscosity  as  the  ionic  strength  of  the 
medium  increases  due  to  the  shielding  of  intramolecular 
(Toulombic  attractions.  As  the  ionic  strength  of  the 
medium  is  increased,  the  electrostatic  energy  term  plays 
a  smaller  and  smaller  role  in  the  conformational  stability 
of  the  chain  while  the  rotational  and  hydrophobic  terms 
as  well  as  polymer  solvation  become  the  dominant  factors 
indictatingAe  conformation  of  the  polymer  chain.  The 


Flganl.  Badnoad  viaeoaity  of  AADAPS  tarpolyBMn  vanoB 
NaC3  eoBoaotiatioB  with  a  polymar  eoocmtratloB  of  &25  gfdL. 
(Detenaiiiod  at  26  *C  at  a  shear  rata  of  6.96  ar*  and  pH  8.) 


Ionic  Strength 

Figured.  Radooed  visooaity  as  a  function  of  inoreashig  teak 
strength  of  various  salts  wiu  a  polynier  coacentrathiD  it  0J6 
g^dL.  (Determined  at  26  *C  at  a  shear  rate  of  &96a^  and  ^ 
8.) 

AADAPS  terpolymers  show  no  polyamphotytic  behavior 
at  higher  kmic  strengths,  and  the  hydrodynamic  vahoMS 
<rf  the  polymers  appear  to  remain  fl^cQiiatanibsfwasn 
0.5  to  8  M  NaCL 

The  reduced  viscosities  were  aboaxamiaodaaaftmcIfaB 
of  the  structure  of  the  anion  in  the  added  slsctrotytss 
Figures  6  and  7  diqday  the  difERenosa  in  the  radaesd 
viscosity  in  Na(31  and  NaS(9l  solirtioas  for  AADAP8-10^ 
AAAM-10,  and  AADAPS-25,  AAAM-2S.  In  ^snawt 
with  ^  Hoffineister  series  prsdktioaa,  all  potyrnsrs 
studied  show  an  enhanoement  of  tedue^  viacosity  in 
NaS(2N  sdutions  ctmqMred  toNa(3  sohitkiiB;  homim, 
the  effect  is  much  leas  dramatic  for  AAAM  copolyman. 
As  noted  by  others*’^  and  in  accord  with  tfie  lia^oaf^ 
add-base  theory,  the  SCN~  hm  is  a  "soflai^  ion  than  die 
Ct~  ion  and  is  thus  able  to  land  tartar  to  the 
ammonium  group.  8alamoneetaL”havn  proposed  tint 
tighter  binding  between  the  small  ankm  and  the  aas- 
monium  group  in  sulfobetaine  pdymccs  reduoes  the 
drainingability  of  individual  chain  thus  an  increase 
in  viscosity  is  observed.  It  is  further  stated  that,  as  the 
concentration  of  saltis  increased,  the  viscoaityrises  rapidly 
at  first  due  to  site  binding  and  then  increases  skndy  as 
atmospheric  binding  becomes  the  only  mode  avmlaUe  for 


Ionic  Strength 


Flfnn  7.  Reduced  vieooeiW  ee  a  Ainetioii  of  iocraaaiiic  ionic 
ctnngth  varioua  ealta  with  a  pdymer  concentratioo  of  0^ 
g/dL  (Detennined  at  25  *C  at  a  shear  rate  of  6.96  and  pH 
8.) 

ionic  interaction.  LiawetaL”  suggested  that,  if  the  small 
anion  binds  tighter  to  the  ammonium  group  thim  the  small 
cationdoes  to  thesulfonate  group  in st^obetaine  polymers, 
a  partial  negative  charge  may  develop  along  the  po^mer 
chain  and  iLus  lead  to  an  increase  in  viscosity. 

Our  systems  show  that,  at  the  lower  ioiuc  strengths,  the 
differences  in  reduced  visocsity  between  the  NaSCN  and 
NaCl  solution  are  quite  large.  However,  at  higher  salt 
concentrations  the  differences  begin  to  narrow.  lUs 
behavior  is  in  agreement  with  the  propositions  put  forth 
by  Salamone  and  Liaw.^  At  lower  concentrations  of 
salt,  the  SCN~  anion  binds  tighter  to  the  ammonium  group 
than  does  the  Ch  anion,  leading  to  an  enhancement  of  the 
reduced  viscosity.  This*tighter"bin^ngnotonlyteduoes 
the  draining  ab^ty  of  the  polymer  chain  but  leads  to  an 
amplification  of  the  net  n^ative  charge  that  is  already 
present  along  the  polymer  ch^  due  to  the  sodium  acrylate 
mer  units.  At  hi^er  concentrations  of  salt,  electrostatic 
repulsive  forces  are  greatly  diminished  and  the  differences 
in  viscosity  between  the  NaCl  and  the  NaSCN  solutions 
are  probably  due  to  draining  differences  of  the  polymer 
in  the  different  solutions  as  well  as  the  enhanced  "salting- 
in*  of  the  polymer  chain  by  NaSCN. 

Compai^on  of  the  Effect  of  Added  Electrolytes  on 
theAAl)APS,DAPSAM,andAAAM8eriM.  Figvra 
8and9examine  the  effect  of  increasing  NaClooncentcation 
on  the  intrinsic  viscosities  of  all  the  polymer  series.  In 
Figure  8,  a  structural  comparison  between  AADAPS-10 
and  AAAM-10  may  tentatively  be  drawn  since  both  have 
similar  molecular  weights  and  degrees  of  polymerization. 
It  can  be  seen  that,  at  low  ionic  strragfth,  the  pure 
polyelectrolyte  has  a  highn  intrinsic  viscosity  due  to 
Dorman  effects  that  have  not  been  overcome.  AADAPS- 
10  has  a  lower  intrinsic  viscosity  because  of  Cdiumbic 
attractions  between  the  cationic  arid  anionic  groups  present 
along  the  polymer  ehaiiL  When  the  ionic  strmigth 
increases,  the  Columbic  attractioiu  in  AADAPS-10  are 
shielded  sufficiently  enough  for  the  copolymer  to  adopt 
a  more  random  configuration;  however,  ^ere  u  still  a 
decrease  in  the  intrinsic  viscosity  due  to  the  charge 
imbalance  of  the  polymer.  Athigherionicstrength&there 
is  a  crossover  of  intrinsic  viscosity  values  of  the  AADAPS- 
10  and  AAAM-10  polymers,  with  AADAPS-10  maintaining 
a  higher  intrinsic  viscosity.  This  behavior  is  probably  a 
result  of  the  inherent  bul^ess  of  the  AMDPAPS  mer 
unit  restricting  the  rotational  freedom  of  the  polymer  chain 


Maeromolecules,  VoL  27,  No.  12, 1994 


S'*  and  pH  8.) 


ar*  and  pH  8.) 

rather  than  a  solvation  effect  DAPSAM-10  displays  | 
typicalpdlyampholytebehavior,withtheintrinsicvisooeity 
increating  in  the  presence  of  added  salt  DAPSAM-10 
has  the  hi^iest  intrinsic  viscosity  in  0.5  M  NaQ,  likely 
due  to  the  hitter  mdecular  weight  compared  to  the  other 
polymers.  In  Kgure  9,  a  structural  comparison  between 
AAl)APS-25  and  DAI^AM-2S  m«y  tentatively  be  drawn 
since  molecular  waists  and  degrees  of  pdymerization  are 
similar.  At  low  ionic  strengths,  AADAPS-25  has  a  hii^Mr 
intrinsic  viscosity  due  to  the  duuge  imbalance  of  the 
polymer  diain.  At  hi^ier  ionic  strengths,  AADAPS-25 
still  maintainsahi^ier  intrinsic  viscosity  than  DAP8AM- 
25  due  to  the  presence  of  the  carbozylate  functionalities 
which  enhance  the  solvation  of  the  polymer  chain.  This 
is  in  accord  with  the  At  values  discussed  earlier. 

Effects  of  Shear  Bate.  The  effects  of  shear  rate  on 
the  apparent  viscosity  of  AADAPS-10  and  AADAPS-25 
were  investigated  in  deionized  water  at  both  high  and  low 
polymer  concentrations.  The  shear  rates  ranged  from 
0.94-127.47  8~*.  In  F'igure  10,  the  behavior  of  the  ter- 
polymers  is  shown  at  two  different  concentrations.  Botl 
terpolymers  display  pseudoplastic  behavior  as  evidencec 
by  the  reduction  in  ^e  apparent  viscosity  as  shear  ratet 
increase.  In  0.514  M  NaCl,  the  terpolymers  no  longe: 


Maeromoleeulea,  VoL  27,  No.  12, 1994 


Fifnre  10.  Effect  of  shear  rate  on  the  imparent  viscosity  of 
AADAPS>10  and  AADAPS-25  in  deionized  water  and  different 
concentrations.  (Determined  at  25  *C  and  pH  8.) 


display  pseudoplastic  behavior  and  viscosity  is  fairly 
constant  over  the  range  of  shear  rates  studied. 

Conclusions 

Terpolymers  of  AA,  AM,  and  AMPDAPS  have  been 
synthesu^  by  free-radical  polymerization  in  0.5  M  NaCL 
In  deionized  water  at  pH  4,  the  solubility  of  the  polymers 
is  greatly  reduced  due  to  ionic  interactions  as  well  as 
hydrt^en-bonding  interactions.  At  pH  8,  the  polymers 
h^ve  as  typical  polyelectrolytes  displaying  highapparent 
viscosities.  As  the  ionic  strength  of  the  me^um  is 
increased,  the  intrinsic  viscosity  decreasesdue  to  shielding 
effects  between  like  charges.  The  reduced  viscosities  are 
higher  in  NaSCN  solutions  compared  to  the  NaCl  solutions 
due  to  the  higher  binding  ability  between  the  SCN~  anion 
and  the  ammonium  group  on  the  AMPDAPS  mer  unit. 
AADAPS-10  displays  a  higher  intrinsic  viscosity  than 
AAAM-10  in  0.5  M  NaCl  probably  due  to  steric  factors. 
AADAPS-25  displays  a  higher  intrinsic  viscosity  due  to 
solvation  effects. 
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Introduction 

The  use  of  recombinant  DNA  techniques 
to  produce  polymeric  materials  with  a 
preordained  microstructure  has  met  with  an 
encouraging  degree  of  success.  Likewise, 
much  success  in  the  denovo  design  of  a- 
helical  polyi)eptides^‘5  has  provided  the 
impetus  for  our  current  research.  The  goal  of 
this  research  is  to  utilize  these  techniques  to 
produce  polymeric  materials  that  form 
environmentally  sensitive  reversible 
hydrophobic  interactions.  A  group  of 
naturally  occurring  proteins  known  as 
exchangeable  apolipoproteins,  which  possess 
many  of  these  properties,  affords  us  with  a 
well  documented  model  system  upon  which 
our  current  polypeptide  sequence  is  based. 

Model  Systems 

The  exchangeable  apolipoproteins,  among 
many  things,  assist  in  the  solubilization  of 
hydrophobic  lipid  partides  in  the  aqueous 
environment  of  an  organisms  blood, 
hemolymph,  etc.  These  proteins  commonly 
possess  amphipathic  a-helices,  consisting  of 
an  a-helix  with  opposing  polar  and  non-polar 
faces  aligned  along  the  long  axis  of  the 
helix.6  Many  of  these  proteins  possess 
multiple  11  amino  acid  tandem  repeats 
which  demonstrate  the  amino  add 


periodicity  associated  with  amphipathic 
alpha*helices.  The  interaction  of  the  helical 
portions  of  these  proteins  is  also  aided  by  the 
distribution  of  charged  amino  adds  along  the 
polar  helix  face.  The  negatively  charged 
amino  adds  are  foimd  to  lie  approximately 
in  the  middle  of  the  polar  face,  while  the 
positively  charged  amino  adds  are 
positioned  towards  the  outer  portion  of  the 
polar  face.  This  arrangement  maximizes 
favorable  electrostatic  interactions  with  the 
phospholipids  of  the  lipid  particle.  In 
several  of  these  proteins  regions  that  behave 
as  "hinges"  have  been  postidated.*^*®*  It  is 
believed  that  the  function  of  these  regions  is 
to  facilitate  a  rearrangement  of  the 
apolipoprotein  secondary  structiire  elements 
in  order  to  regulate  the  composition  of 
lipoprotein  particles. 

Polypeptide  Design 

The  polypeptide,  designated  DN3, 
consists  of  the  following  amino  add 
sequence: 

(DDDPGDLEELLNKLNELLKELNELLKKG 

G)- 

This  polypeptide  incorporates  several 
spedflc  design  considerations  in  order  to 
maximize  helical  stability  under  a  variety  of 
conditions.  The  amino  adds  utilized  for  the 
helical  portion  of  the  sequence  reflects  the 
occurance  of  particular  residues  in  naturally 
occurring  a-helices®  The  placement  of 
leudne  residues  at  positions  a,d  euid  e  of  a 
heptad  repeat  has  been  shown  to  give  rise  to 
a  "knob  and  hole"  type  of  interaction 
between  helices.  This  placement  of  leucines 
also  produces  a  distincdy  hydrophobic  face 
along  the  longitudinal  axis  of  the  helix.  The 
placement  of  distinctly  addic  and  basic 
residues  at  the  amino  and  carboxyl  termini 
respectively,  has  been  shown  to  stabilize  the 
formation  of  a-helices  via  favorable 
interaction  with  the  helical  dipole  moment. 
The  placement  of  charged  residues  in  an 
i,i+4  spadng  has  also  been  shown  to  provide 


additional  stabilization  to  the  helix  via  the 
formation  of  salt  bridges.  Glycine  and 
proline  residues  are  utilized  to  terminate 
and  initiate,  respectively,  a-helix  formation. 
Asparagine  residues  have  also  been  used 
with  in  the  helix  so  that  at  a  later  time  the 
influence  of  increase  negative  charge,  via 
deamidation  reactions,  may  be  assessed  on 
the  polypeptides  physical  properties.  The 
sequence  consisting  of  -(GGDDDPG--)- 
is  designed  to  act  as  an  ionizable  "hinge" 
region.  It  is  our  intent  to  use  this  "hinge" 
sequence  as  the  starting  point  from  which 
structure-property  relationships  may  be 
established  concerning  the  ionization  state  of 
this  sequence  and  the  over  all  arrangement 
of  the  helical  portions  of  this  polypeptide. 

Experimental 

Two  87  nucleotide  long  complementary 
oligonucleotides  encoding  for  the  repeat 
segment  of  DN3  were  synthesized  on  a 
Milligen/Biosearch  Cyclone  Plus  DNA 
synthesizer.  These  oligonucleotides  were 
annealed  to  form  an  87  base  pair 
oligonucleotide,  1,  which  possesses 
interrupted  palindromic  5'  and  3'  ends.  Thus 
allowing  for  self-ligation  without  the 
formation  of  inverted  repeat  segments.  Via 
self  ligation  concatemers  of  the  DNA 
segment  encoding  DN3  may  be  generated. 
These  interrupted  palindromic  ends  are  also 
compatible  with  the  overhangs  generated  by 
the  restriction  digest  of  an  appropriate  DNA 
sequence  by  BstEIl.  Two  additional  57  base 
long  pieces  of  complementary  DNA  were  also 
synthesized  and  annealed  by  the  before 
mentioned  methods.  This  DNA  segment,  2, 
contains  a  5'  overhang  complementary  to  a 
BamHI  digest  and  a  3'  overhang 
complementary  to  a  Sad  digest.  This 
oligonucleotide  also  contains  a  24  bp 
segment  containing  the  ribosomal  binding 
site  from  the  pKK233-2  "ATG"  expression 
vector  positioned  5'  to  the  translational  start 
codon,  ATG.  A  BstEIl  restriction  site  has 
been  engineered  into  the  middle  of  2  and 


incorporates  a  portion  of  the  translation 
start  codon  in  its'  recognition  sequence.  The 
DNA  segment  2  is  ligated  into  the  high  copy 
number  pUC19  vector.  The  resulting 
ligation  mixture  was  then  vised  to  transform 
the  bacterial  strain  DHSaF.  Transformants 
were  screened  using  a  colony  hybridization 
method  using  labeled  single  stranded 
DNA  complementary  to  2  as  a  probe. 
Positive  clones  were  anal3rzed  by  restriction 
digestion  and  a  clone  designated  pUClS.mod 
was  chosen  for  further  cloning  procedures. 
The  vector  pUClS.mod  was  then  digested 
Math  BstEII  and  a  monomer  of  1  ligated  into 
this  vector.  Positive  transformants  were 
again  screened  usii^  colony  hybridization 
the  probe  was  an  32.p  labeled  segment  of 
DNA  complementary  to  the  segment  1.  At 
this  time  the  desired  done  containing  a 
single  copy  of  1  was  exdsed  from  the 
pUClS.mod  vector  by  restriction  digestion 
Math  BamHI  and  Sac  I.  The  resulting 
fragment  was  then  ligated  into  the 
expression  vector  pNHSa,  purchased  from 
Stratagene.  This  reaction  mixture  was 
then  used  to  transform  die  bacterial  stain 
DHSaF'.  Positive  transformants  were 
screened  by  again  using  32.p  labeled  DNA 
complementary  to  1.  Positive  transformants 
were  confirmed  by  restriction  digestion. 
Plasmid  DNA  was  isolated  from  one  of  the 
positive  transformants  and  used  to 
transform  the  host  bacterial  strain 
D1210HP,  necessary  for  the  expression  of 
the  pNHSa  clone  containing  a  single  copy  of 
1.  lliis  expression  vector  pNHSa  possesses  a 
novel  induction  system  which  requires  not 
only  induction  with  isopropyl-l-thio-B-D- 
galactoside  but  also  a  short  heat  pulse  at 
42^C  for  10  min. 

Results  and  Discussion 

At  this  time  dones  of  the  pUC19.mod 
vector  have  been  isolated  containing  fmm 
one  to  approximately  13  repeats  of  the  DNA 
segment  1.  The  sequence  of  the  pUC19.mod 
clone  containing  only  one  segment  of  1  as 


well  as  the  DNA  segment  2  has  been 
confirmed  via  cyde  sequencing.  No 
aberrations  or  adulterations  in  the  sequence 
of  this  done  were  found.  We  are  currently  in 
the  process  of  confirming  the  sequence  of 
those  dones  which  contain  multiple  copies  of 
the  DNA  segment  1.  At  this  time  analysis  of 
the  primary  cell  lysates  firom  the  induction  of 
the  pNHSa  done  containing  a  single  copy  of 
1  via  SDS-page  is  underway.  Interim  results 
and  developments  as  well  as  a  more  detailed 
explanation  of  the  design  and  doning 
strategies  for  DNS  will  be  discussed. 
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Introduction 

Onr  reaeatdt  poup  oontinuea  to  inreatigate  the  ayntheaia  and 
characterisation  of  hydrophobically  modified  wateraoluUe  polymera. 
Acrylamide  (AM)  haa  been  copolymeiixed  with  aodiiim  11- 
aetylamidoundeeancete  (SA)  utilising  monomer  feed  levela  of  1,  5,  and 
10  mole  %  SA.  SA  ia  a  watereoluhle  auillKtant  which  pdlymetisea  via 
a  fiae  radmal,  micellar  mechaniam.  Slyntheaia  of  tbm  eopolymera, 
denoted  the  ^SA  reriea.  haa  been  reported  previoualy  with  monomer 
feed  levela  of  2  30  mole  %,  high  conversion  ia  abort  perioda  of  time  (<  1 
hr.),  and  hi^  nudecular  weight  (>  10^  ^ol)*^.  Aim  characteiiatic  of 
these  systems  ia  an  enhanced  radius  of  gyration  with  increasing  AM 
incorporation.  Our  goal  ia  the  development  of  a  pH  and  salt-responaive 
system  utilising  lower  SA  content  (S  10  mole  %);  at  SA  inoorpMationa 
Ugher  than  10  %,  protonatioa  of  the  carhoxylate  groups  at  lowered  pH 
effects  water-insolubility.  The  properties  of  such  a  copolymer  system 
may  lead  to  applicability  in  dng  leduetioa,  enhanc^  oil  recovery, 
flocculatioa  of  waste  wattf  .  controlled  release  of  pharmaceuticals  and 
peatiddes,  and  the  rfaedogy  modification  of  coaUnga  and  personal  care 
producta. 

Experimental 

Reagents 

The  general  procedure  for  SA  monomer  and  AMSA  copolymers 
followed  by  Gan  e(  oi^  was  utilised.  All  materials,  except  where  noted, 
were  obtained  firom  Aldrich  Chemical  Company  and  us^  as  received. 
Acrylamide  (Aldrich,  electrophoresis  grade)  waa  reoyatalUsed  twice 
Grom  acetone,  and  pyrene  was  recrystaUired  once  from  absolute  ethanol. 
Deionized  water  was  used  for  monomer  and  polymer  syntheses,  and  also 
for  viscosity  and  fluorescence  measurements. 

Aqueous  polymer  solutions  were  prepared  gravimetrically.  Saline 
polymer  solutions  were  prepared  by  adding  a  ooiutant  volume  ^  sodium 
chloride  stock  solution  to  a  set  weight  of  atpieous  polymer  solution. 

To  introduce  pyrene  probe  to  polymer  solution,  1.0  ul  of 
actlianolic  Iff*  M  pyrene  was  added  to  10  ml  polymer  solution  to  give 
a  constant  prc^  concentration  of  1.0  uM.  ^e  solutions  were  then 
allowed  to  equilibrate  overnight  on  an  orbital  shaker. 

Initnimentation 

Viaooeities  were  measured  with  a  Contraves  LS-30  rheometer,  at 
a  temperature  otZSK  and  shear  rate  of  6.0  sec''. 

Fluorescence  emission  spectra  were  recorded  with  a  Spex 
Fluoraiog-2  fluorescence  spectrophotometer  equipped  with  a  OM3000F 
data  system  and  450  W  XBO  high  pressure  xenon  lamp  as  excitation 
source.  Exdtatioo  slit  width  was  set  at  1.0  mm,  and  emission  slit  width 
varied  from  1.0  to  2.0  mm,  depending  upon  sample  concentration. 
Samples  were  excited  at  336  nm  and  emission  monitwed  at  372  and  382 
nm  (1st  and  3rd  vibrook  bands,  respectively).  Kght  angle  geometry 
was  employed. 

Results  and  Discussion 

ViscositT  Studies 

The  apparent  viscosities  of  the  AMSA  series  (Figure  1)  in 
deionued  water,  shown  in  Figxue  2,  do  not  reflect  any  appreciable 
intermolecular  assodation  or  overlap.  In  the  case  of  AM5A-6  and 
MdSA-lO,  none  is  seen  below  1.0  gfdl.  However,  an  upwards  curvature 
is  seen  in  the  case  of  AMSA-l;  the  response  approrimates  that  of  hi^ 
molecular  weight  polyacrylamide  ((PA3D  5-6  x  10*  g^ol).  This 
phenomenon  suggests  a  diain-entan^ementKiriven  response,  rather 
then  one  arising  from  hydrophobic  assodation.  These  systems  tend 
toward  intramolecular  assodation''*  and  viscosity  studies  indicate  no 
exception  for  low-SA  incorporation.  With  increasing  SA  content,  the 
viscosity  response  lessens;  Gan  et  at.*  reported  a  direct  proportionality 
between  mole  %  SA  and  molecular  wei^t  l^th  increasing  SA 
incorporation,  viscosities  in  deionized  water  increase,  but  in  all  cases, 


no  intermolecular  assodation  is  readily  apparent  Polymerisatiaa 
proceeds  by  micellar  and  homogeneous  merhanisms  When  a  tadieal 
chain  end  ia  propagating  in  aqueoua  aotutioo,  where  AM  is  the  mqior 
ooiutituent  long  runs  of  AM  along  the  polymer  chain  result;  however, 
when  a  radical  eimounters  a  mixed  SA-ricb  mioelle  a  “block*  of  SA  is 
incorporated  into  the  chain.  Theea  are  not  true  hlodca,  but  regions 
along  the  coil  where  SA  predominates.  As  mde  %  AM  is  increased  in 
the  monomer  feed,  the  average  apadng  between  SA  units  and  “blochs* 
increaaes.  Arising  finm  this  is  a  mote  open  oanfirnnation  and  e  higher 
A,  value  and  radius  of  gyration*. 

As  reported  by  (Tan  tt  oL,  AMSA  oopcdymeta  demonstrate  a 
prmmunced  polyelectrolyte  effect  (Figure  3).  As  SA  content  increases, 
the  polydectrolyte  effect  strengthens.  Reduced  visoosify  decreases  with 
inereasiag  polymer  oonoentratum.  Shielding  ofcoulamlacrepulsioos  due 
to  the  addition  of  salt  reduces  the  hydrodynamk  voIusm  of  AMSA 
polymers  and  Figure  4  illustrataa  this.  AMSA-l  behaves  similariy  to 
PAliil.  but  ABfSA-6  and  AMSA-10  have  experienoed  a  drastic  viscoeity 
deernsse  which  is  indicative  ofahighly  collated  eoaformation.  Wehave 
also  ibund  that  protonation  of  carboxylate  groupa  by  decreasing  pH 
results  in  viscosity  decrease.  Essentially,  diminlshinent  of  coulombic 
repubiona  through  ahieldiag  or  elimination  further  collapses  the  polymer 
coil. 

Photophvsical  Studies 

Rhedtogical  studies  alone  cannot  fully  describe  the  solution 
behavior  of  such  syatems.  A  microscopic  analysis  in  ooiyunction  with  a 
bulk,  macroscopic  method  such  as  viscosity  measurement,  leads  to  a 
clearer  understanding  of  a  polymer's  solution  properties.  Photophysical 
studies  serve  this  purpose;  fluoresoeoce  and  absorbance  experiments  ate 
hi^y  sensitive  and  describe  phenomena  on  a  molecular  level  To  probe 
the  hydrophobidty  of  the  microenvironment,  pyrene  is  added  to  AMSA 
scdutions  and  solubilized  by  hydrophobic  domaina  formed  by  association 
of  SA  units.  I^rrene  has  previously  been  utilized  to  assess  microdomain 
pdarity*  and  aggregation  number  of  hydrophobic  groupe*  of 
intramoleculariy  associating  water-soluble  polymera.  The  ratio  of  the 
third  vibronic  hand  to  the  first,  symmetry-forbidden  emission  band 
(I^,)  is  an  effective  gauge  of  the  enviroiunental  pdarity  pyrene  is 
experiencing.  This  ratio  is  inversely  proportional  to  polarity.  In 
deioiuzed  water  (Figure  5)  I^I,  values  mcrease  to  a  mayiimim,  then 
dropoff.  The  minimum  VI,  values  approximate  that  of  pyrene  in  water, 
reflective  of  an  open,  by^ted  microenvironment.  The  profile  suggests 
a  micellization  process.  Maxima  occur  where  the  concentratiou  of  SA 
mer  units  in  a  (^ven  polymer  roughly  equals  the  critical  mioelle 
concentration  (CMC)  of  SA  monomer.  The  rise  would  result  from 
association  ofpyrene  with  an  increasing  number  of  hydrophobes.  When 
a  sufficient  number  of  hydrophobes  are  associated,  miceUar  structures 
begin  to  form.  Increasing  electrostatic  repulsions  induce  a  highly  fluid 
structure,  more  penetrable  by  solvent.  At  concentrations  above  “CMC*, 
I^,  values  drop  off. 

(Tonclusions 

A  series  of  water-soluble  acrylamide  copolymers  with  low 
incorporation  of  a  hydrophobic  anionic  comonomer,  sodium  11- 
acrylamidoundecanoate,  have  been  synthesized.  These  copolymers 
exhibit  a  collapsed  conformation  due  to  intramolecular  hydropliobic 
assodation.  The  viscosity  response  of  AMSA  copolymers  appears  to  be 
driven  by  chain  entanglement,  and  is  controlled  by  SA  inoorpcration. 
Pyrene  probe  studies  suggest  that  intramolecular  associations  are 
manifested  as  micellar  structures  along  the  polymer  dbain.  AMSA 
copolymers  covalently  labelled  with  fluorescent  moieties  is  currently 
undmway.  Photophysical  studies  of  systems  like  these  gives  further 
insight  into  the  microacopic  solution  behavior  of  pdymeis.  Coirelauon 
of  macroaoopic  analysis  with  mierosoopic  results  in 

development  of  structure-property  rdationships,  and  may  ultimately 
allow  development  of  water-soluble  materials  targeted  for  specific 
applications. 
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Ctonlng  and  ExpressioD  of  Jlfambfca  5«xla  Apolipopkorin  <411:  A 
Model  Protein  for  Removal  of  Hydrophobic  Contaminanfi  from 

Water 

Johanna  Kahalleyt,  Gordon  Cannon,  and  C  L.  McCormickt 

Dqpaitmoits  of  Polymer  Sciencet  and  Chenustiy  and  Biochemistiy 
The  University  of  Southern  Mississippi 
Hattiesburg,  MS  39406-0076 

Introduction 

Hydrophobic  foulants  are  largely  responlible  for  the 
contamination  of  environmental  water  systons;  dia:dbre,  ^  need  exists 
for  a  way  to  safely  and  efficiently  remove  these  foulants  from  water. 
Remediation  of  tl^e  molecules  may  be  possible  through  Ore  use  of 
amphiphilic  polymeric  molecules  which  form  micelles  in  solution.  Both 
naturally-occurring  and  synthetic,  micelle-forming  polymers  have  been 
shown  to  sequester  hydrophobic  materials.!*^  Many  protein^  for 
example,  associate  in  vivo  to  solubilize  and  transport  oil  containing 
particles. 

One  such  protein  is  the  apolipophorin-lll  protein  (ApoLp-111)  in 
the  insect,  Manduca  sexta.  In  the  insect,  die  protein  reversibly  associates 
with  hydrophobic  lipophorin  particles  consisting  of  phospholipids  and 
diacylglycerols.  The  protein  stabilizes  the  p^cles  and  allows  Acm  to 
load  hydrophobic  matmal.  In  addition,  it  faolitates  the  transport  of  these 
particles  through  a  primarily  aqueous  insect  h<xnolymph.4 

The  reversible  association  of  the  protein  with  the  lipophorin 
particle  makes  it  an  ideal  polymer  for  phase  transfer  of  hydrocarbons 
from  aqueous  systems.  In  the  conceptual  scheme  in  figure  1,  such  a 
polymer  is  depicted  as  existing  in  a  micellar  form  in  water.  Upon 
introduction  of  a  hydrocarbon  foulant  to  the  syston,  the  polymer  would 
phase  transfer  the  foulant  into  its  interior.  The  filled  mic^es  might  tom 
aggregate  and  flocculate,  providing  an  ea^  means  of  collecting  them. 
Pohaps  a  pH  change  woidd  allow  sqiaration  of  toe  collected  polymer 
fiom  toe  foulant,  permitting  toe  polymm  to  be  recycled. 

Although  the  interactions  of  ApoLp-III  wito  lipids  have  been 
extensively  studied,^  toe  interactions  wito  hydrocarbons  have  not  yet 
been  explored.  Recombinant  ^toesis  of  ^>oLp-IlI  in  E.  coU  should 
facilitate  production  of  large  amounts  of  protein,  and  should  aUow  site 
specific  changes  to  be  made  in  toe  protein  sequence.  .  Wito  toe  ability  to 
i^e  such  ch^es  comes  toe  potential  to  enhance  toe  interaction  of  toe 

Erotein  wito  hydrocarbons,  and  to  introduce  pH  responsive  rdease  of  toe 
ydrocarbons  fiom  toe  pn^ein. 

Experimental 


Materials  and  Methods 

Cloning  vectors,  PCR-n,  and  pMal-c2  were  obtained  fiom 
Invitrogm  Cotp.  and  New  England  Biolabs  (NEB),  respectivdy.  All 
ensymes  wme  obtained  fiom  NEB.  Transformations  were  acrmding  to 
toe  Hanahan  procedure.?  Denaturing  polyacrylamide  gel  electrc^hcuesis 
(SDS-PAGE)  was  performed  using  equipment  and  reagents  fiom  Bio- 


Raid  as  well  as  Sigma  Chemical  Company  (SDS).  Gels  were  stained 
using  Coomassie  Brilliant  Blue  and  subs^uendy  silver  stained  (Bio- 
Rad).  Protein  quantitation  was  acconq)lished  using  the  BCA  kit  fix>m 
Pierce.  Immunoblots  were  performed  with  Bio-R^  equipment  and 
reagents.  Immunoblot  development  was  accomplished  using  NBT/PCIB 
reagents  from  Pierce.  Amylose  resin  and  Factor  i^tease  were 
obtained  from  New  England  Biolabs. 

Cloning  of  the  apolp-lll  gene 

The  entire  coding  region  of  die  apolp-UI  gene  was  isolated  from  a 
X  plu^e  cDNA  library  (gift  of  Dr.  Rob^  Ryan  ,  University  of  Alberta, 
E^onton)  using  the  polymerase  chain  reaction  ^CR)  and  PCR  primers 
flanking  the  gene.  The  PCR  product  was  cloned  into  ^R-II.  INVoFE. 
coli  cells  were  transformed,  according  to  die  with  the  recombinant  pCR- 
U  vector  containing  the  apolp-III  gene.  DNA  from  positive  colonies  was 
isolated  and  analy^  by  restriction  digestion  with  Eco  RI.  The  apolp-III 
gene  was  recloned  into  the  pMal-c2  fusion  protein  expression  vector. 
TBl  E.  coli  cells  were  transformed  with  the  pMal-c2Jtpolp-III 
recombinant  Positive  colonies  were  identified  by  colony  hydridiz^on 
to  a  radiolabeled  probe  of  the  apolp-III  gene,  and  DNA  from  them 
analyzed  by  restriction  digestion  with  Xmn  1.  This  DNA  was  sequenced 
using  the  BST  kit  (Bio-Rad)  with  primers  made  by  DNA  Inti. 

Expression  and  Purification  of  AdoLo-III 

ApoLp-III  expression  from  recombinantly  transformed  TBl  cells 
was  induced  by  the  addition  of  IPTG  (isopropylthio-p-D-galactoside). 
The  cells  were  lysed  and  separated  into  soluble  and  insoluble  fractions 
which  were  analyzed  by  SDS-PAGE,  column  chromatography,  and 
immunoreactivity.  Antibodies  to  ApoLp-lII  (protein  gift  Dr.  Robert 
Ryan)  were  raised  «n  a  New  Zealand  v^ite  doe. 

Results  and  Discussion 

Analysis  of  DNA  in  positive  colom'es  revealed  that  the  entire 
coding  region  of  the  apolp-III  gene  had  been  cloned  intact  and  in  the 
proper  orientation.  Expression  of  TBl  cells  transformed  with 
recombinant  apolp-III)  DNA  yielded  MBP-ApoLp-lIl  as  one  of 

the  protein  products.  The  presence  of  the  fusion  protein  in  induced 
recombinant  TBl  cells  was  identified  by  immunoblotting  with  rabbit 
antibodies  agmnst  MBP,  as  well  as  with  nfobit  antibodies  against  Apol^)- 

m. 

Lysed  recombinant  TBl  cells  were  separated  into  soluble  and 
insoluble  fractions.  Purification  of  the  furion  protein  from  other  proteins 
in  flie  soluble  matter  proceeded  via  column  chromafography  on  amylose 
resin.  The  fusion  protein  was  found  to  elute,  wifo  10  mM  maltose, 
shortly  after  the  void  volume  of  the  column.  Fractions  containii^  tiie 
fusion  protein  were  pooled  and  concentrated  with  q  microcon  10 
(Amicon).  Figure  2  shows  that  this  chromatography  st^  provided  an 
excellent  means  of  purification  for  the  fusion  protein. 

Since  the  native  ApoLp-UI  is  our  priin^  target,  it  was  necessary 
to  rmove  the  MBP  portion  of  the  fusion  proteiiL  Factor  xa  protease  was 
used  to  cleave  MBP  from  recombinant  Apol^m.  As  can  be  seen  in 
Figures  2  and  3,  the  digestion  was  only  marginally  successftil,  yielding 
fx^ucts  which  were  not  immunoreactive  to  antibodies  against  ApoLp-III 


and  which  did  not  correspond  to  either  the  reported  molecular  weight  of 
MBP  or  ApoLp-III. 

Conclusions 

Recombinant  production  of  ApoLp-IH  opens  a  wide  range  of 
possibilities  for  the  study  of  the  interaction  of  this  protein  with 
hydrocarbons.  Recombinant  synUiesis  of  the  protein  provides  a  means 
whereby  the  protein  can  be  pn^uced  in  large  quantities  in  bacteria  and 
can  be  site  specifically  changed  to  enable  tailoring  of  the  protein  for 
enhanced  hydrophobe  sequestration  as  well  as  for  pH  responsiveness. 
Future  work  will  utilize  light  scattering  and  photophysical  techniques  to 
probe  domain  organization  and  sequestration  ability  of  the  recombinantly 
produced  ApoLp-Ill  and  its  precisely  mutated  analogs.  > 
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Figure  3.  Immunoblot  with  antibodies  against  ApoLp-ill  Lanes:  I- 
prestained  molecular  weight  markers  (Bio-Rad);  2-  uninduced  TBl 
cells  with  recombinant  DNA;  3-  soluble  cell  proteins  from  induced 
ceils  containing  recombinant  DNA;  4-  pooled  fractions  containing 
fusion  protein  after  affinity  chromatography;  5-  fusion  protein  after 

Factor  XA  cleavage 
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The  Use  of  Recombinant  DNA  Technology  to  Produce  Water>Soluble 

Poisoners 

Mark  Logan.  Gordon  Cannon  and  Charles  McCormick 
University  of  Southern  Mississippi 
Department  of  Polymer  Science 
Hattiesburg,  MS  39406 

Introduction 

Water-soluble  polymers  are  utilized  in  a  wide  variety  of  commercial 
applications.  Polymer  properties  may  be  attributed  to  two  factors:  l)tbe 
ph3rsical  nature  of  the  constituent  monomers  and  2)  their  sequential 
placement  within  the  polymer  chain.  Hydrophobic  tailoring  of 
polyelectrolytes  allows  reversible  domain  formation  which  can  be  "triggered" 
by  salt  or  pH  change.l»2«3,4,5  These  systems,  described  as  polymeric 
micelles,  possess  many  advantages  over  small  molecule  surfactants  and  are 
suitable  for  applications  requiring  the  phase  transfer  of  nonpolar  substances 
in  aqueous  media. 

Most  synthetic  polymerization  schemes  currently  used  to  produce  many 
hydrophobically  modified  polyelectrolyes  preclude  ^e  precise  control  of 
polymer  microstructure.  However,  biological  systems  can  produce  polymers 
with  a  precise  polymer  microstructure.  The  tailoring  of  such  systems  has 
been  facilitated  by  the  advent  of  recombinant  DNA  technology. 

Many  proteins  and  polypeptides  possess  properties  and  functionalities 
comparable  to  synthetic  polymer  systems,  yet  the  production  of  polypeptide 
based  polymers  for  materials  science  applications  via  this  technology  remains 
relatively  unexplored.  Materials  produced  in  this  manner  possess  a  well 
defined  microstructure  allowing  for  the  tailoring  of  material  properties  for 
specific  applications.  Additional  attributes  include  biodegradability  and/or 
biocompatability. 

Model  System  and  Polypeptide  Design 

At  this  time,  o\ir  research  is  focused  on  utilizing  designed  polypeptides 
and  recombinantly  engineered  proteins  to  produce  polymers  capable  of 
sequestering  nonpolar  molecules  in  response  to  changes  in  pH.  This  concept 
is  illustrated  in  figure  1.  The  protein  apolipophorin-lU  (apoLp-IU)  is  an 
example  of  a  -helical  bundle  protein  wlidch  not  only  contains  an  interior 
hydrophobic  domain,  but  has  also  been  shown  to  interact  with  nonpolar  fatty 
add  a<yl  chains.^»7>8»^  ApoLp-IIl  from  the  insect  Lucosta  migratoria  has 
recently  been  crystallized  and  the  three  dimensional  structure  of  this  protein 
determined.  This  structure  consists  of  five  amphipathic  a-helices  connected 
by  short  loops.  The  nature  of  these  helices  is  such  that  the  nonpolar  face  of 
the  helices  are  oriented  towards  the  inside  of  the  protein,  resulting  in  the 
formation  of  a  hydrophobic  microdomain.  This  protein  has  been  shown  to 
assodated  and  assist  in  the  stabilization  of  lipoprotein  particles  in  vivo  as 
well  as  lipid  vesicles  in  vitro.  Figure  2. 


We  are  currently  involved  in  the  de  novo  design  and  recombinant 
expression  of  a  analogous  polypeptide  (DNL3),  predicted  to  contain  an 
amphipathic  a-helix  followed  by  an  acidic  "turn"  or  hinge  region.  Figure  3. 
This  polypeptide  sequence  incorporates  a  variety  of  specific  structural 
elements  designed  to  enhance  its  performance  as  a  pH>responsive  phase 
transfer  agent.  A  high  helical  propensity  is  demonstrated  by  most  of  the 
amino  acids  utilized  for  the  a-helical  segment  of  DNL3.  The  placement  of 
nonpolar  leucine  residues  with  a  periodicity  corresponding  to  the  a,d  and  e 
positions  of  a  heptad  repeat  (e.g.  a,b,c,d,e,f,g)  ensures  the  formation  of  a 
distinctly  nonpolar  face  within  the  a-helical  segment  of  DNL3.  1 1  The 
overall  hydrophobic  moment  of  the  a-helical  segment  allows  it  be  classified 
as  a  "surface-seeking"  amphiphile  according  to  the  method  of  Eisenberg.^^ 
Acidic  and  basic  amino  acids  have  been  placed  at  the  amino  and  carboxyl 
termini,  respectively,  in  order  to  neutralize  the  macrodipole  moment  of  the  a- 
helical  segments.  These  amino  acids  serve  to  further  stabilize  by 

forming  sidechain-to-backbone  hydrogen  bonds,  resulting  in  the  "capped" 
amino  and  carboxyl  termini.  Glutamic  acid  and  lysine  residues  have  also 
been  positioned  within  the  a-helical  region  of  DNL3  to  form  intra-helical  salt 
bridges.  Asparagine  residues  have  been  incorporated  into  the  a-helical 
region  to  relax  the  packing  of  adjacent  a-helices.  This  is  a  preliminary 
attempt  to  moderate  the  packing  of  adjacent  a-helices;  this  may  be  necessary 
to  ensure  that  the  nonpolar  portions  of  tlie  a-helices  are  free  to  interact  with 
nonpolar  materials. 

The  turn  region  of  DNL3  is  designed  to  form  a  flexible  hinge  which  will 
allow  the  facile  rearrangement  of  contiguous  amphipathic  a-helices  in 
response  to  changes  in  the  ionization  state  of  the  pendant  carboxylic  add 
groups.  Glycine  residues  have  been  incorporated  into  this  sequence  to  impart 
flexibility  as  well  as  to  serve  as  terminators  of  a-helical  structures.  Proline 
has  also  been  incorporated  into  this  structure  to  assist  in  the  formation  of  a 
turn  allowing  the  reversal  of  chain  direction  in  the  polypeptide  chain. 
Cloning  and  Expression  Strategy 

Currently  the  synthesis  of  artifidal  genetic  elements  is  limited  to 
oligonucleotides  of  approximately  100  bases  in  length.  In  order  to  produce 
polymers  containing  multiple  repeats  of  the  DNL3  amino  acid  sequence  a 
method  of  polymerizing  small  nucleic  add  monomers  (81  base  pairs)  has  been 
devised.  This  strategy  is  illustrated  in  figure  4 
Experimental 

Ssmthetic  oligonucleotides  were  produced  using  a  Milligen/Biosearch 
Cyclone  Plus  DNA  synthesizer.  Double  stranded  oligonucleotides  encoding 
for  one  repeat  of  the  DNL3  amino  add  sequence  were  concatemerized  using 
T4  DNA  ligase  (New  England  Biolabs).  Resulting  concatemers  were  cloned 
into  the  pT7-7  vector  obtained  from  Dr.  Stanley  Tabor  (Harvard  Medical 
School),  using  standard  methodologies.  This  vector  was  modified  to 


incorporate  a  BstEII  restriction  site  as  well  as  three  downstream 
translational  stop  codons  .  Positive  transformants  were  verified  by  DNA 
sequencing  using  the  Sequenase  system  (United  States  Biochemicals). 
Expression  of  a  positive  clone  resulted  in  the  appearance  of  a  vinique  protein 
band  as  determined  by  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis  (SDS-PAGE),  using  the  method  of  Okajima.  Amino  acid 
analysis  was  performed  by  the  W.M.  Keck  Fotmdation  Biotechnology 
Laboratory  (Yale  University).  Isoelectric  focusing  was  performed  using  pH 
3.0-7.0  isoelectric  foctising  gels  from  Novex.  All  other  procedures  were 
performed  using  standard  methodologies. 

Results  and  Discussion 

A  positive  clone  containing  one  repeat  of  the  DNL3  amino  acid  sequence 
was  identified  using  colony  hybridization  techniques.  The  nucleic  acid 
sequence  of  this  clone  was  confirmed  using  dideoxy  sequencing  techniques. 
Expression  of  this  clone  resulted  in  the  appearance  of  a  novel  protein  band 
(DNL3)  found  in  the  soluble  fraction  of  the  whole  cell  lysate.  This  band 
comprises  8.5%  of  the  soluble  fraction  as  determined  by  digitalization  of  the 
stained  SDS-PAGE  gel.  The  estimated  molecular  weight  of  this  polypeptide 
is  3250  using  SDS-PAGE  with  the  appropriate  molecular  weight  standards. 

Initial  purification  of  DN3L  was  effected  using  nondenaturing  PAGE. 

The  acidic  nature  of  DN3L  allows  it  to  migrate  in  an  electric  field  without  the 
presence  of  SDS.  The  desired  band  was  visualized  and  excised  from  the  gel. 
DN3L  was  eluted  from  the  crushed  gel  slice  by  soaking  in  a  high  salt  buffer 
overnight  at  42®C.  Following  dialysis,  the  protein  was  analyzed  using  SDS- 
PAGE.  Two  bands  appeared  in  the  lane  containing  the  crush  and  soaked 
purified  DN3L.  The  second  band  has  a  mobility  corresponding  to  a  molecular 
weight  of  14.4  kDa. 

An  alternative  means  of  purification  involves  precipitating  most  of  the 
endogenous  E.  coli  proteins  with  80%  ammonium  sulfate,  DN3L  remains  in 
the  supernatant.  Ammonium  sulfate  is  removed  by  way  of  dialysis.  The 
dialyzed  sample  is  then  purified  using  a  DE-52  column  eluted  with  a  sodium 
chloride  gradient.  Samples  purified  in  this  manner  also  show  two  bands  on 
SDS-PAGE.  Amino  acid  compostional  analysis  of  these  samples  indicate 
purity  of  greater  then  96%  (mol.  percent). 

Several  attempts  to  perform  N-terminal  sequence  analysis  on  DN3L  have 
proven  futile.  Amino  acid  analysis  of  the  PVDF  membrane  to  which  the 
peptide  was  tremsferred  gave  an  amino  acid  composition  in  good  agreement 
with  what  is  expected.  Table  1  The  amino  acid  sequence  of  DN3L  does  not 
contain  any  amino  acids  that  are  prone  to  cyclizing  with  the  N-terminus. 
Cleavage  of  amino  methionine  by  CNBr  resulted  in  the  appearance  of  a  third 
band  on  the  SDS-PAGE  gel.  The  molecular  weight  of  this  band  is  in  good 
agreement  with  the  molecular  weight  anticipated  for  a  dimer  of  DN3L.  The 
appearance  of  this  band  is  may  be  due  to  the  exposure  of  DN3L  to  formic  acid 
during  the  CNBr  cleavage.  It  is  also  possible  that  the  removal  of  the 
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group/groups  protecting  the  N-terminus  has  effected  the  aggregation 
properties  of  DN3L.  N-terminal  peptide  sequencing,  laser  desorption  mass 
spectroscopy  and  amino  acid  compositional  analysis  are  currently  imderway 
with  the  CNBr  cleaved  DN3L. 

Isoelectric  focusing  of  DN3L  gives  an  actual  pi  of  4.32  that  is  in  good 
agreement  vdth  the  theoretical  pi  of  4.03.  DN3L  migrates  as  a  single  band 
during  isoelectric  focusing,  as  detected  by  silver  staining. 

The  conformation  of  DN3L  in  D2O  has  been  determined  using  FTIR.  The 
presence  of  a  strong  peak  at  1649.24  cm'^  correlates  with  the  amide  I  peak  of 
a-helical  structures.  Subsequently  another  peak  at  1670cm*  ^  is  indicative 
of  P-tums.  Thus  confirming  the  presence  of  both  helical  and  turn  structures 
within  DN3L  in  solution. 

To  date  a  peptide  consisting  of  one  tum-a-helix  motifs  has  been  expressed. 
The  appearance  and  co-piirification  of  a  second  band  of  higher  molecular 
weight  indicates  the  formation  of  DN3L  aggregates.  The  molecular  weight  of 
this  aggregate  indicates  that  approximately  4  molecules  of  DN3L  are  present 
in  the  aggregate.  The  aggregate  as  well  as  the  monomer  (DN3L)  both  appear 
to  be  very  resistant  to  the  denaturing  effects  of  SDS  and  temperature.  The 
migrational  behavior  of  these  two  bands  is  also  conserved  on  PAGE  gels 
containing  8.0  M  urea.  Analysis  of  DN3L  by  laser  desorption  mass 
spectroscopy  has  verified  the  molecular  weight  of  DN3L  3,720  Daltons. 
Additional  peaks  were  observed  at  7,444, 11,178  and  14,900  Daltons, 
indicating  various  sized  aggregates  of  DN3L. 
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Introduction 

The  investigati<Mi  of  plant  deosins  as  pdymedc  emulsifiers  was  to  study 

naturally  occurring  amidiipathic  polymers  as  alternatives  to  cuneot  small  molecute  surfactants  and 
polymeric  emulsifiers.  Ihe  ultimate  goal  is  die  devdopment  of  natural  polymers  capable  of 
removing  poDutants  60m  waste  disdtarge  or  inadvertent  s{^  that  occur  in  naval  environments. 

Emuldfiers  are  most  commonly  known  as  small  molecule  surfactants  whidi  serve  to 
oompatibilire  two  immiscible  suhstanoes  and  provide  a  staMe  emulsion  or  suspension.  Polymedc 
emulsi&ts  are  less  widdy  known,  however  possess  several  advantages  over  wnan  motocale 
surfactants.  Polymeric  emuldfiers  yield  longer  times  staMization  due  to  greater  distances  of 
rqxilsirm  between  dispersed  droplets,  (because  die  polymer  diains  form  loops  and  tans).  Onoe 
applied  to  a  substrate,  and  ooalesoeaoe  has  oocurxed,  the  phase  sqntalion  of  the  polymer  requites 
large  amounts  of  energy  to  neeonlsity.  TUs  is  advantageous  in  applying  herbicides  and 
pesdddes,  where  toxic  run-off  can  occur  due  to  die  ease  of  te^emulsificadon  by  rainfalL  Anothsr 
advantage  is  that  the  weight  percents  needed  for  required  stabOides  is  much  less  for  pdymets  than 
for  small  molecules.  Keq^  this  in  mind,  the  study  of  deosins.  vdiich  are  qmfic  plant  proteins, 
as  emulsifiets  is  feasible  for  several  reasons.  The  first  beiitg  diat  such  mdecules  are  found  in 
naturetoexhidtdesitedbehavicvthatisdifBculttoObtainsynthetically.  Anodter  reason  is  that  the 
deosins  ate  high  molecular  weight,  therefore  oonsideted  polymers.  This  allows  all  of  the 
advantages  of  polymeric  emulsifiets  to  be  applied  to  deosins.  In  addition,  because  these  pdymets 
ate  naturally  found  proteins,  they  have  die  added  benefits  of  being  an  environmental  source  as  wefl 
as  having  a  mote  'natural'  degtai^on  in  our  ecosystem.  Lasdy,  their  dological  processes  suggest 
diat  die  proteins  may  be  recyclable  as  emulsifiets,  bence  a  zero-waste  produa 

Plants  contain  micellar  patddes,  known  as  oil  bodies,  which  fimcdon  to  flrwnpflrtMiby 
l^dto(fliodc  components  widun  a  water  soluble  mwfiittn  Tiie  micellar  particles  are  marip.  of 
li^ds,  phoq^l^ds,  and  proteins  (see  figure  1).  The  proteins,  or  deosins.  assodroe 
nonoovalently  widi  die  surface  of  die  ndcdles.  This  assodadon  indicates  anqdiipadiic  diaracter  of 
die  proteins  that  can  be  linked  to  molecular  oonfxmation.  The  deosins  of  this  study  were  obtained 
fiom  soybean  seeds.  PreliiDinary  studies  have  shown  tbat  soybean  deosins  are  intetfacially  active 
toward  watei/t^obexaoe  interfBces.  These  results  were  ccmipared  with  phase  diagram  data  in 
‘efforts  to  descdbe  die  feasibili^  of  udng  such  deosins  as  primary  emubdfieis.  Also,  effects  cf 
bacteria  and  protease  inhiUtots  on  interfadal  activity  ate  cunendy  being  evaluated. 

FignreL  Plant  Oil  Body 


The  soybean  (deosins  investigated  contain  approximately  223  amino  acids,  cociesponding 
to  a  indleCTilar  weight  of  24,000  g/mole.  All  oieosios  possess  three  characteiistic  regions:  a  40-60 
amino  add  N-tenninus  region,  a  68-74  aminn  add  middle  region  vdiidi  is  totally  hydr(^)hobic.  and 
a  33-40  amino  add  C-tenninus  moiety.  The  N  and  C-tenninus  r^ons  arc  amphipathic.  with 
partial  helidty.  The  center  hydrophobic  area  was  determined  tty  1^  (unpublished),  to  create  an 
andpaiaUel  P-stcand'fingei' that  penetrates  the  hydrophobic  interior  of  the  micellar  particle.  The 
previous  features  of  protein  conformation  may  be  seen  in  Hgure  2.  (Huang) 


The  pcifflaiy  objectives  are  to  evaluate  the  deosins  as  interfacially  active  substances  and  to 
determine  the  intetladal  activity  and  emulsification  abilities  under  various  mnditinns  These 
objecdves  are  approached  by  tensiometiy  expedmenls  wbidr  allow  the  interfadal  tension  to  be 
obtained  over  vadous  deosin  concentrations.  Once  the  inteffariai  trends  have  been  obtained, 
(wUch  eluddates  die  presence  of  oleosln  at  flae  dl/water  interlace),  phase  diagrams  are  created 
over  die  area  of  interest  to  determine  the  regions  where  stable  emulsification  takes  place. 


Experimental  and  Results 

Interfadal  tension  measurements  were  carried  out  using  a  Kruss  Processor  Tensiometer 
K12  with  the  Du  Nouy  ring  method.  Results  iqiotted  are  within  a  standard  deviadon  of  0.02 
mN/M.  Experiments  were  carried  out  at  room  temperature.  An  sampi<^  were  prepared  in 
glassware  that  had  been  deaned  with  mtric  add  and  rinsed  several  with  double  distilled 
water.  AU  water  used  was  double  distmed.  Oil  used  in  these  erperiments  was  Fisber 
^jectrofdiotometric  grade  cydobexane.  Oleosin  used  was  attracted  and  purified  by  Xue  Jian  Bin  of 
die  BiodieiDistiy  dqpaitment  at  the  University  Soutbem  MississippL 

Hrst.  several  interfadal  erperiments  were  carded  out  on  aqueous  suspensioas  of  die 
soybean  oleosin,  (see  figure  3.).  Gra{A  A  rqxeseots  an  bleosin  suspension  sample,  of  0.02  g/L, 
diows  an  irtfetfiadal  tension  decrease  at  die  cydohexane/water  intwfaty.  fiom  apfxoximately  48 
mN/M  to  42  mN/M  (avg.).  (3raph  B  iqiieseots  a  second  aampift  widi  a  concentration  of  0.02S 
g/L.  The  latter  sanqileriiowed  a  decrease  in  inteifadal  tension  of  appcoximatdy  8  mN/M.  These 
results  indicate  (hat  oleosin  is  somewhat  interlaciaUy  active  under  these  conditions.  Note  that  pH 
was  unadjusted  for  both  sam(8es.  Variances  in  tuns  within  a  given  sample  are  not  understood  at 
this  time,  however  possible  contributors  indude  heterogeneous  dosing  to  the  interface,  oleosin 
degradadoo  due  to  bacteria  or  enzymatic  digesdon.  and/or  <iftnaniripg  of  the  protein 


Figure  3.  Interfkdal  Tension  Measurements  with  Varying  Oieosin  Concentrations 


Due  to  the  decrease  in  inteifacial  activity,  fdiase  diagram  data  was  obtained  for  oieosin 
concentrations  varying  from  0.003  g/L  to  0.021  g/L.  For  each  concentration,  individual  samples 
were  jxiqyared  witti  1-10  wt%  cyclohexane.  Results  are  shown  below  in  figure  4.  Alfiiough 
coalescence  rates  varied,  all  samples  had  coalesced  within  one  week. 

Figure  4.  Phase  Behavior  of  Aqueous  Soybean  Oieosin  with  Cyclohexane 


In  attempts  to  determine  whether  degradation,  (and  its  cause),  of  the  deosin  was  occurring, 
oieosin  st^nsitms  were  treated  with  bac^ria  and  [xotease  inhibitors.  In  Figure  S,  gra^A  C 
rquesents  an  deosin  sample  which  was  treated  with  0.016  wt%  Na  Azide  to  prohibit  bacteria 
growth.  Again,  reproducibility  is  in  questi(»;  howevn-  the  interfacial  tension  decreased  18  mN/M 
(avg.).  Graph  D  corresponds  to  the  tdeosin  suspension  treated  with  0.037  vol.%  (total)  of  two 
protease  inhibitors,  1:1  Phenyl  Methyl  Sulfonyl  Fluoride  and  p-Tcduene  Sidfonyl  Fluoride.  The 
interfacial  tension  dea%ase  was  minimal,  oidy  3  mN/M,  however  reproducibility  is  acceptable. 


Figure  5.  Inteifadal  Activity  of  Bacteria  and  Enzyme  Treated  Oleosin  Suspensions 


Conclusions  and  Future  Work 

Soybean  oleosin  shows  slight  interfadal  activity  toward  the  cyclohexane/water  inter&ce 
with  no  pH  adjustments,  and  emulsification  stability  f(x  concentrations  between  0.003  and  0.021 
g/L  was  unattainable.  Varied  reproducibility  {xompted  the  study  of  bacteria  and  protease 
inhibitors  on  interfacial  activity.  Results  show  ttiat  addition  of  bacteria  inhibitor  produced  greater 
interfacial  activity,  and  that  addition  of  protease  inhibitor  leads  to  minimal  activity.  To 
conclusively  determine  a  bacteria  effect.  pH  studies  ^ould  be  evaluated,  as  addition  of  inhibitors 
may  affect  the  natural  6.5  pH  of  the  suspension. 


